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1 Introduction

Understanding the origin of the elements, as well as of ourselves, is a very fascinating and exciting
question. Finding the answer is challenging. It requires to deeply dig simultaneously into nuclear
physics and astrophysics, also called nuclear astrophysics. The former tells us how nuclei form,
while the latter where they form. Nowadays, we know that we are all made of stars, but we do not
exactly know which ones!
The aim of this thesis is to address some of the opened questions of this research field.

1.1 Where do the chemical elements come from?

Most of the matter which we see in the Universe is made of protons and neutrons, also called nucle-
ons. These nucleons combine with each other giving rise to the heavier chemical elements, such as
He, C, O etc. The way and under which conditions these nucleons combine together are still a very
active research field. In order to answer some questions about the origin of the chemical elements,
we start by having a look at the mass fraction of the chemical elements (X) which we observe in
our Solar System (see Fig. 1.1) as a function of mass number A. In Fig. 1.1, we clearly see that the
most abundant element in Nature is hydrogen, followed by helium. After helium, we can see a rapid
drop of the mass fractions of the elements until the most stable element (iron) is reached, and around
iron (mass number A = 56) there is a big peak. After the Fe-peak, we notice a slow decline of the
mass fractions and, in particular, there is a certain regular pattern which is repeated, namely there are
peaks in the mass fraction distribution of the elements corresponding to very stable nuclei and some
“bumps” on their left side.
All these features in the element distribution of our Solar System brought Hoyle, Fowler, Burbidge
G. R. and Burbidge E. M. with their pioneering works to the conclusion that, while hydrogen and
partially He are produced during the Big Bang nucleosynthesis, the elements heavier than He (the
so-called metals) are produced inside stars (Hoyle et al. 1956, Burbidge et al. 1957).
A star is, at the beginning of its life, a kind of “ball” of gas made almost entirely of H and He. The
star contacts due to the force of gravity and as soon as the temperature in its center is high enough, H
starts to fuse into He producing energy, and the pressure which is consequently created acts against
gravity and holds the stellar structure from collapsing.
The more massive the star is, the more these fusion reactions proceed, so that heavier and heavier
elements are produced. In order for a fusion reaction to occur, the reacting nuclei have to overcome
the Coulomb barrier, which significantly increases as their charges increase. This is the reason why
the mass fractions of the elements decrease in the range A = 1 − 50.
Furthermore, the binding energy per nucleon of the nuclei increases with mass number and reaches its
maximum for 56Fe (8.8 MeV/nucleon), causing the iron-peak formation in the element distribution,
as we can clearly see in Fig. 1.1. This is also the reason why the fusion reactions do not go beyond
iron, since they would be endothermic (absorb energy) and not exothermic (release energy) like the
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Figure 1.1 Distribution of mass fractions X of chemical elements of our Solar System as functions
of mass number A (Lodders 2003). The lightest elements H and some He are produced during the
Big-Bang nucleosynthesis, while the elements from C to Fe are produced through fusion reactions
during the different burning stages in the stellar interiors. The heavy elements beyond Fe are produced
through the s-process (peaks corresponding to very stable or magic nuclei, with Z or N=50, 82, 126)
or r-process (bumps on the left side of the magic nuclei).

fusion reactions involving lighter nuclei. The above considerations led to the conclusion that only the
metals which are lighter than Fe can be produced inside stars through fusion reactions.

Let us now focus on the distribution of the elements heavier than Fe. The first thing we notice is
that the decrease of the mass fraction of the element distribution beyond iron is much less steeper
than the one of the lighter elements. This means that nuclei beyond Fe cannot be produced through
charge-reactions, since the probability for these reactions to occur is very low (the Coulomb barrier is
extremely high), and therefore the observed distribution of the elements should decrease much faster
as it does with increasing A.
In 1957, Burbidge et al. (1957) suggested the neutron capture reactions as the main mechanism to
produce the elements beyond iron. This means that, starting from a “seed” nucleus, this nucleus can
capture free neutrons, and therefore become bigger and bigger. Eventually, the neutrons inside the
nucleus can decay β, transforming neutrons into protons, and therefore change the “identity” of the
nucleus by increasing its charge number (Z).
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Thus, in order for neutron captures to occur, we need an astrophysical environment where a significant
number of free neutrons is available. If a lot of free neutrons are available, namely the neutron number
density is Nn ' (1020 − 1030)·cm−3, then the time a seed nucleus needs to capture a neutron (τn) is
much lower than the time it needs to decay β (τβ), therefore the so-called rapid-process (or r-process)
can occur. On the other hand, if Nn ' (107 − 1010)·cm−3, then τn � τβ and so-called slow-process
(s-process) can take place. The s-process can explain the production of the elements which are very
stable (also called magic nuclei), since they have a closed shell configuration of protons or neutrons
(Z or neutron number N=50, 82, 126). These elements correspond to the peaks observed in the solar
distribution of the elements in Fig.1.1. On the other hand, the r-process explains the formation of the
“bumps” on the left side of these peaks.
Due to the very different conditions required for the s-process and the r-process, at least two differ-
ent astrophysical sites are required for them to take place. The s-process is thought to be produced
through neutron captures on silicon-iron seed nuclei during the helium-burning core of massive stars
and in the thermally pulsing helium stages of asymptotic giant branch stars (see José & Iliadis 2011
for a review on the origin of the elements). On the contrary, the sites for the r-process have not yet
been unambiguously discovered (for a review on the r-process see Arnould et al. 2007, José & Il-
iadis 2011), although the candidate sites are either core-collapse supernovae (CCSNe) and/or mergers
involving neutron stars (NS) or black holes (BH) (e.g., Goriely et al. 2013, Bauswein et al. 2013,
Just et al. 2015). In particular, among CCSNe models, magneto-rotational SNe explosions seem to
have favorable conditions for the r-process, although they are not favored to be the main source of the
galactic r-process elements since they are rare events (Nishimura et al. 2015) and, as yet, they only
work if extremely high pre-collapse magnetic fields are assumed. On the other side, NS-NS as well
as NS-BH mergers seem to be the most promising site for r-process. In particular, very recently, Just
et al. (2015) showed that the ejecta expelled during NS-NS and NS-BH mergers can have suitable
conditions for the production of r-process elements heavier than A & 90, whose distribution matches
the one of our solar system. However, besides the aforementioned sites, there is another possible
astrophysical environment in the CCSNe context, the so-called neutrino-driven wind (ν-driven wind),
in which at least some r-process elements can be produced.
It is the aim of this work to focus on the production of the elements in CCSNe (both in the explosion
itself as well as in the ν-driven wind). Before discussing the details of nucleosynthesis, let us briefly
have a look at the theory which lies behind the formation of CCSNe in the next section.

1.2 Core-collapse supernovae: delayed neutrino-driven explosion
mechanism

Massive stars (with a mass M > 10 M�, M� ' 2 · 1030 kg being the mass of our sun) end their lives
either as black holes or as one of the most powerful explosions of the Universe, the so-called core-
collapse supernovae (CCSNe). For a detailed discussion of the underlying mechanism of CCSNe we
refer to reviews by Bethe (1990), Janka et al. (2012), Burrows (2013) and Foglizzo et al. (2015). In
the following we only give a brief summary of the general picture.
All along the life of a massive star, fusion burning reactions occur (releasing energy) until the final
formation of an iron core. Consequently, at the end of their lives, massive stars have the so-called
“onion-shell” structure (see Fig. 1.2): The core is made of Fe and, going towards the surface, the
shells are made of the lighter products of the fusion reactions, namely Si, O, Ne, C, He, and H.
Due to the fusion of Si in the shell surrounding the Fe core, the mass of the Fe core increases and as
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soon as the Fe core reaches a critical mass, which is about the Chandrasekhar mass (MCh ' 1.3 M�),
the core becomes gravitationally unstable. At this stage, electrons are captured on nuclei and nuclei
photodisintegrate. This means that the degeneracy and thermal pressure significantly decrease and
they cannot counterbalance the force of gravity anymore. Therefore, the core collapses. During the
collapse, the gravitational energy is converted into internal energy which is in large part radiated away
by neutrinos. As soon as the density of the core reaches about ρ ' 1012g/cm3, neutrinos are trapped
inside the stellar core, since their diffusion time becomes larger than the collapse time.
From this point on, the inner stellar core collapses adiabatically until the saturation density of nuclei
(ρ ' 1014g/cm3) is reached. Then, the collapse stops because of the stiffening of the equation of state
due to the short range repulsive interaction of the nucleons. This leads to the bounce of the inner core
and the formation of a shock wave, which travels outwards and collides with the in-falling matter of
the outer stellar core of the progenitor.
However, this shock wave is not energetic enough to directly trigger a supernova explosion, since it
loses energy through the dissociation of Fe peak nuclei into free nucleons. Furthermore, as it reaches
densities below ' 1011g/cm3, the shock wave loses further energy, because the region behind the
shock front becomes transparent to neutrinos. Shortly after, the shock wave stalls at a typical distance
from the center of the nascent proto-neutron star (PNS) of r ' 100− 200 km. Since the matter behind
the shock is falling inwards, i.e. has negative velocities, the shock is called an accretion shock.
According to the so-called “delayed neutrino-driven explosion mechanism”, the shock wave can be
revived again thanks to the energy which is deposited by neutrinos emitted from the PNS. In fact,
most of the gravitational energy released during the collapse of inner stellar core is carried away by
neutrinos. These neutrinos can heat up the matter by depositing a fraction of their energy in the region
between the nascent PNS and the shock surface by means of the following charged-current neutrino
capture reactions on free nucleons:

νe + n −→ p + e−, (1.1)

ν̄e + p −→ n + e+. (1.2)

On the other hand, the matter is also cooled by the corresponding inverse reactions:

p + e− −→ νe + n, (1.3)

n + e+ −→ ν̄e + p. (1.4)

Since the neutrino heating rate is ∝ r−2, while the cooling rate is much steeper ∝ r−6 (Janka et al.
2012), there exists a radius, the so-called gain radius, at which the cooling and heating processes bal-
ance each other. This means that in the region between the gain radius and the shock front neutrinos
effectively heat the matter and, if this heating is strong enough, then the shock can be revived again
and, finally, the SN explosion can occur.
Besides the energy deposition due to neutrino interaction, improved numerical simulations show also
that hydrodynamic instabilities can help as well in reviving the shock, and therefore trigger the explo-
sion (Janka et al. 2012).
The SN 1987A event was a great opportunity to better understand the mechanism of CCSNe, also

because it showed that the mass distribution of the ejecta was anisotropic (e.g., Hillebrandt et al. 1989;
Arnett et al. 1989; Müller 1998). These features in the SN explosion can be explained only if hydro-
dynamic instabilities take place shortly after the bounce of the core (Kifonidis et al. 2006; Hammer
et al. 2010).
Furthermore, stars heavier than 10 M� do not explode if spherical symmetry (1D) is assumed in sim-
ulations with a self-consistent treatment of neutrinos (e.g., Rampp & Janka 2000; Liebendörfer et al.
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Figure 1.2 Schematic representation of the so-called “onion-shell” structure of a massive star (M >

10 M�), as predicted by stellar evolution models, shortly before the core-collapse. In each shell, the
main element coming from the different burning stages of the star is shown.

2001). This means that multi-dimensional effects play a crucial role in helping the neutrino-driven
mechanism to launch the SN explosion. In particular, two important hydrodynamic instabilities have
been identified which can play an important role in the region between the stalled SN shock and the
nascent PNS:
(i) The neutrino hot-bubble convection (e.g., Herant et al. 1992; Mueller & Janka 1997), which is
due to the fact that the heating of the matter due to neutrino interactions is stronger close to the gain
radius and decreases with increasing radius, and thus going towards the shock front. This causes the
matter to be unstable against buoyancy-driven convection (Bethe 1990), and therefore high-entropy
bubbles are produced which transport heated material from the gain radius to the shock front, helping
the shock front to move out;
(ii) The “standing-accretion-shock-instability” (SASI) (Blondin et al. 2003) which can show up in
large-scale sloshing motions of the shock front with strongly pulsating expansions and contractions.
In 3D, it can also develop spiral modes (Blondin & Mezzacappa 2007).
In summary, it is expected that both convection and SASI sufficiently contribute to the energy deposi-
tion in the gain layer so that the shock wave can be revived and the SN explosion can occur.
Once the explosion is launched, the shock wave passes through the different layers above the core and
the so-called “explosive nucleosynthesis” takes place, as it will be discussed in the next section. Then,
the matter which is processed by the shock wave, together with the layers which are not affected by
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explosive nucleosynthesis (the outermost H and He layers), is ejected into the interstellar medium,
making CCSNe one of the major sources of nuclei with A > 12 in our Galaxy.
Furthermore, shortly after the explosion has been launched, there is a flow of matter driven by the
energy deposited on the surface of the PNS by neutrinos, the already mentioned ν-driven wind, which
has been considered for a long time as a site for the νp-process (Fröhlich et al. 2006b) and the r-process
(see Sect. 1.3).

1.2.1 Explosive nucleosynthesis in core-collapse supernovae

Here, we give a short summary of the explosive nucleosynthesis associated with the passage of the
SN shock wave through the layers above the PNS, for a review see Woosley et al. (2002) and José &
Iliadis (2011).
Once the shock wave has been launched from the core, it first encounters the 28Si shell (see Fig. 1.2),
leading to an increase of the peak temperature Tpeak & 5 GK and of the peak density ρpeak & 107 −108

g/cm3. At such high densities and temperatures, the matter reaches the so-called “nuclear statistical
equilibrium (NSE)”. In NSE, the rates of all forward and reverse electromagnetic and strong interac-
tions are in a global equilibrium, i.e. there is a global balance between the nuclear reactions which
produce nuclei and the photodisintegration reactions which disintegrate the existing nuclei into nucle-
ons. In NSE, the mass fraction X of a nucleus with charge number Z and mass number A is given by
(Meyer et al. 1992):

X(Z, A) = G(Z, A)[ζ(3)A−1π(1−A)/22(3A−5)/2]A5/2
(

kT
mNc2

)3(A−1)/2

φ1−AXZ
p XA−Z

n exp
[

B(Z, A)
kBT

]
, (1.5)

where G(Z, A) is the nuclear partition function, ζ is the Riemann function, T is the temperature, mN is
the nucleon mass, φ is the photon-to-baryon ration, Xp and Xn are the mass fractions of free protons
and neutrons, respectively, B(Z, A) is the nuclear binding energy, and kB is the Boltzmann constant.
Furthermore, φ can be expressed in terms of temperature and density as:

φ =
nγ
ρNA

=
1
π2

gγ
(~c)3

ζ(3)(kBT )3

ρNA
(1.6)

where nγ is the number density of the photons, ρ is the mass density, NA is Avogadro’s number, and
gγ is the helicity for photons. We can also write Eq. (1.6) in terms of the temperature in units of 109

K (T9) and of density in units of 105g/cm3 (ρ5):

φ = 0.39
T 3

9

ρ5
. (1.7)

From Eqs. (1.5), (1.6) and (1.7), we can deduce that, once the nuclear properties of the nuclei are
known (e.g., binding energy, mass, and spins), their abundances1 in NSE are determined by tempera-
ture, density, and the electron fraction of the matter Ye (or the neutron excess η2), which can change
only because of the weak interactions. Furthermore, because of the strong dependence of X(Z, A) on φ
and on B(Z, A)/kBT , the outcome of the nucleosynthesis in NSE depends on the competition between
these terms:

1The abundance Y of a nucleus with mass number A and mass fraction X is defined as Y = X/A.
2The neutron excess is defined as η = 1 − 2Ye.
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• If φ is large, then a lot of photons are available per baryon, therefore NSE favors a composition
mainly made of nucleons and α particles, because the production of heavier nuclei is hampered
by the photodisintegration reactions.

• On the other hand, if φ is of the order of unity or less, then iron-peak nuclei are favored in NSE,
since they have the largest binding energy B(Z, A).

For example, in the silicon layer, where φ is less than the order of unity, the main expected product
of the explosive nucleosynthesis is 56Ni, since it has the largest binding energy among all iron-peak
nuclei and all species which have the same number of neutrons and protons .
The detailed outcome of the explosive Si burning depends basically on the peak density and expansion
time scale (τexp) of the matter after reaching NSE:
i) if ρpeak and τexp are large enough, then NSE produces very small amounts of light particles (p, n,
and α). This regime, is also called “normal freeze-out”, and the main nucleosynthesis products are
56Ni and other Fe-peak nuclei;
ii) if ρpeak or τexp are small enough, then NSE leads to the production of a relatively large amount of
light particles, especially α-particles, the so-called “α-rich freeze out”. In this case as well, if η ∼ 0,
the main product is 56Ni, but, furthermore, the very important γ−ray emitter 44Ti is produced (see
chapter 5).
As the shock propagates further outwards through the Si layer, the matter is heated up to Tpeak ∼ 4− 5
GK. In this case, the global equilibrium among all the nuclear species is not reached, but instead, a
local equilibrium in two different mass ranges is reached, the one centered in the silicon and the other
in the Fe-peak nuclei. For this reason, in this case, we talk about a “quasi equilibrium” (QSE), instead
of NSE.
In QSE, the abundance of any nucleus is determined, besides by nuclear parameters, by the tem-
perature, density, η, and the abundance of 28Si. The major products of QSE are Fe-peak nuclei,
intermediate-mass nuclei (with mass number A = 40− 44) and 28Si. Since, there is a lot of 28Si which
remains after the passage of the shock wave, this stage is called “incomplete silicon burning”.
After the Si layer, the shock wave passes through the oxygen shell (see Fig. 1.2). The peak tempera-
ture reached in the 16O layer is in the range Tpeak ∼ 3 − 4 GK. In this case as well, two QSE clusters
form in the region of Si and Fe-peak nuclei, but, since Tpeak in this case is lower than in the case of in-
complete Si burning, there is much more material around the Si mass region than around the Fe-peak
region. The main products of explosive oxygen burning are 28Si, 28S, 36Ar, and 40Ca.
After the shell consisting mostly of 16O, the shock wave passes through a layer made mainly of 16O,
20Ne and 12C. In this layer, Tpeak ∼ 2 − 3 GK and 20Ne and 12C burn explosively. In this case the nu-
clear reactions proceed far from equilibrium conditions, since Tpeak and τexp are too small for a QSE
configuration to be reached. Therefore, the final abundances of the nuclear species are determined
by the initial composition and the thermonuclear reaction rates (see chapter 2). In this case, the most
abundantly produced nuclei are 16O, 20Ne, 24Mg and 28Si. Another important element which is pro-
duced during this burning stage is the γ-ray emitter 26Al, which has been detected in the interstellar
medium of our Galaxy (José & Iliadis 2011).
After the Ne/C layer, the peak temperature reached by the matter is too low (Tpeak ≤ 2 GK) for explo-
sive nucleosynthesis to take place. Therefore, the composition of the layers above Ne/C layer remains
as it was after the hydrostatic burning of the pre-supernova stage.
In Fig. 1.3, we show a schematic representation of the explosive nucleosynthesis occurring during the
passage of the supernova shock wave through the different layers of the star.
We notice that the exact abundance distribution of the elements, which are produced during the explo-
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Figure 1.3 Schematic representation of the explosive nucleosynthesis due to the passage of the su-
pernova shock wave through the different layers of the star (Si, O, C, He, H). The main elements
produced during the explosive nucleosynthesis are also shown. If the peak temperature of the shock
is T9 > 4, then the burning of Si produces mostly 56Ni, if 3 < T9 < 4 then the burning of O produces
mainly 28Si and 32S, and if 3 < T9 < 2 then the burning of Ne and C produces especially 16O, 20Ne,
24Mg and 26Al. If T9 < 2 the explosive nucleosynthesis stops, therefore the layers above C are almost
not affected by the explosive nucleosynthesis, since the peak temperature reached during the passage
of the shock is too low.

sive nucleosynthesis, depends on the details of the pre-supernova stellar structure, since it determines
the amount of matter which is exposed to the different explosive nucleosynthesis stages. Furthermore,
the electron fraction (Ye) profile of the pre-supernova stage, strongly influences the outcome of the
explosive nucleosynthesis which occurs in NSE or QSE.
While the shock wave is propagating outwards through the different layers above the stellar core, an-
other interesting site for the nucleosynthesis (the neutrino-driven wind) starts blowing away from the
surface of the PNS, as it will be discussed in the next section.
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1.3 Neutrino-driven wind

Shortly after the supernova has occurred, the PNS is left behind by the explosion at the center of
the massive star. After its formation, the PNS can heat up to temperatures of 10 MeV or higher. At
such high temperatures, neutrinos are copiously produced, which carry away the gravitational binding
energy of the PNS. As a consequence of the emission of neutrinos, the hot PNS cools down.
The emitted neutrinos can also be reabsorbed by the matter close to the surface of the PNS, and
therefore deposit enough energy so that the matter can escape the huge gravitational field of the PNS.
For this reason, this flow of matter which blows away from the PNS is called neutrino-driven wind
(or ν-driven wind), as schematically shown in Fig 1.4 (for a review on this topic we refer to Qian &
Woosley 1996 and Arcones & Thielemann 2013). The mass loss of the PNS due to the ν-driven wind
continues until the PNS is transparent to neutrinos (until about 10 s after the bounce of the core).
Very close to the surface of the PNS the matter is so hot that it is basically made of free neutrons and
protons, but, as the ν-driven wind blows away from the PNS surface, the matter cools down, allowing
for α particles, and later on heavier nuclei, to form.
The ν-driven wind has been considered as an interesting site for the nucleosynthesis and, in particular,
a candidate for the r-process. However, the exact outcome of the nucleosynthesis in the ν-driven wind
depends on different physical conditions, as it will be discussed in the next section.

1.3.1 Nucleosynthesis in the neutrino-driven wind

As we already mentioned in Sect. 1.1, the sites for the r-process have not yet unambiguously been
identified. Among the possible candidates, there is also the ν-driven wind, since it is a rapidly ex-
panding and cooling high-entropy environment. These conditions can lead to the production of the
elements beyond iron (Takahashi et al. 1994).
Very close to the surface of the PNS, the temperature and density are so high (T ≥ 10 GK) that
the matter is in NSE (see Sect. 1.2.1). In particular, the matter is mainly made of free neutrons and
protons. As the matter expands, the temperature decreases and the nuclear composition changes. At
T ' 9 GK, α-particles start forming. As the matters continues to expand, the temperature keeps de-
creasing and the nuclear reactions proceed more slowly, and finally the reaction rates become smaller
than the expansion rate. Therefore, the reactions first fall out of equilibrium and finally “freeze out”.
When T ' 6 GK, the triple-α reaction (3α −→12C) starts, which is followed by other reactions, such
as captures of neutrons and protons on 12C. In particular, after the formation of 12C, depending on
the neutron to proton ratio of the matter, two main different nucleosynthesis processes in the ν-driven
wind can be distinguished:

• If the matter is proton-rich (Ye > 0.5), then the νp-process could occur (Fröhlich et al. 2006b).
In this process, 12C acts as a seed nucleus for the capture reaction such as (p, γ), (α, γ) and (α, p)
which proceed until the formation of seed nuclei with N = Z, up to 64Ge. After the formation
of 64Ge, nuclear reactions can proceed thanks to the electron antineutrino fluxes streaming from
the surface of the PNS. In fact, in proton-rich conditions, ν̄e can be absorbed by free protons
which produce a continuous supply of free neutrons which can be captured by the seed nuclei
through (n, p) reactions. Then, the subsequent (p, γ) reactions allow for the production of nuclei
with A > 64 on the proton-rich side of the nuclear chart. The name of this process is related to
the crucial role played by neutrinos and protons;
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Figure 1.4 Schematic representation of the ν-driven wind, namely the flow of matter which, shortly
after the SN explosion has been launched, escapes the huge gravitational field of the PNS thanks to the
energy deposited by neutrinos and antineutrinos. Close to the PNS surface the temperature is so high
that the matter is almost made of free neutrons and protons. As the matter expands and cools down, α
particles start forming. As it propagates even further out, the “seed” nuclei can form. After the seed
nuclei have formed, eventually the r-process can occur (in neutron-rich conditions) or the νp-process
(in proton-rich conditions).

• On the other hand, if the ν-driven wind matter is neutron-rich (Ye > 0.5), then, after a sequence
of reactions such as (α, n), (αn, γ) (Witti et al. 1994), the matter is made of seed nuclei and free
neutrons. This means that the r-process could occur, namely the free neutrons can be captured
into the seed nuclei, leading to the formation of heavy nuclei, which then decay β. In order
for the production of very heavy nuclei (A ∼ 240) to occur, starting from seed nuclei with
A ∼ 50 − 100, the free neutron-to-seed nuclei ratio has to be Yn/Yseed > 100. This means that
only a relatively small number of seed nuclei should be formed, so that, when the r-process oc-
curs, a sufficiently large number of free neutrons is available to be captured by the seed nuclei.
In order for the r-process to occur, the neutron richness of the matter is not enough, but two
other conditions have also to be fulfilled:
i) The entropy has to be high enough so that the photodisintegration of heavier nuclei allows for
the presence of much more neutron than seed nuclei;
ii) The expansion time scale has to be short enough (about few milliseconds) so that the effi-
ciency of the α-process, which leads to the formation of the seed nuclei, is damped. In such a
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way, the ratio of neutrons-to-seed nuclei remains high, as the r-process requires.

The ν-driven wind parameters, which determine the production of the elements, depend on the struc-
ture of the neutron star (e.g., on its gravitational field) and on the properties of the emitted neutrinos
(i.e., luminosities and spectra). The latter play a crucial role in determining the neutron-to-proton
ratio through β-reaction, and hence the outcome of the nucleosynthesis. Therefore, in order to predict
which elements are produced in the ν-driven wind, we have to accurately investigate the properties of
νe and ν̄e.

1.4 Aim and structure of this thesis

The aim of this thesis is to investigate certain aspects of the nucleosynthesis in CCSNe, both of the
explosive nucleosynthesis associated with the explosion of the supernova itself and of the outcome of
the nucleosynthesis in the ν-driven wind.
After describing the nuclear reaction network which we use for our nucleosynthesis calculations in
chapter 2, we will focus on the impact of the neutrino properties on the ν-driven wind nucleosynthesis
in chapters 3 and 4, since, as we already mentioned, they play a crucial role in determining the pro-
duction of the elements. In particular, in chapter 3, using sophisticated supernova simulations of an
8.8 M� progenitor, we will present a parametric study about the neutrino and antineutrino properties
and their impact on the electron fraction. This study is motivated by recent works on nucleon poten-
tial corrections on the neutrino opacities (Martı́nez-Pinedo et al. 2012; Roberts et al. 2012), which
shift the mean energies of neutrinos and antineutrinos compared to the uncorrected case. We will also
investigate the validity of equilibrium assumptions about Ye in the different evolution phases of our
ν-driven wind.
In chapter 4, we will focus on the impact of neutrino flavor oscillations on the ν-driven wind nucle-
osynthesis for the same progenitor as considered in chapter 3. In one case, we will consider only
oscillations among active flavors (e, µ, and τ) and, in the other case, we will consider what would
happen if sterile neutrinos existed, and therefore active flavors could convert to sterile ones.
In chapter 5, we will present our results concerning the explosive nucleosynthesis of a 15 M� and
a 20 M� progenitor, whose SN explosions were simulated in 3D and 1D. We will focus on the pro-
duced amounts and spatial distributions of 44Ti and 56Ni, since these two radioactive elements have
been observed in supernova explosions, and therefore allow us to test the modeling which is used to
perform our supernova simulations. In particular, we will pay a special attention to the role played by
the asymmetries in setting the SN explosion.
Finally, in chapter 6, we will give a summary of our main results shown in chapters 3, 4 and 5, and
present our conclusions and perspectives.





2 Nuclear Reaction Rates and Nuclear
Reaction Network

2.1 Introduction

Nuclear astrophysics deals with the description of the nuclear reactions which take place in astrophys-
ical environments, and therefore change the energy and composition of the system.
In this chapter, some notions concerning the nuclear reaction rates and the nuclear reaction networks
are presented. A nuclear reaction network describes the evolution of the nuclear composition of a
physical system. In order to follow this evolution, one has to solve the coupled first order differential
equations, which describe each nuclear species. Their evolution is dependent on the nuclear reaction
rates which produce or destroy them. These reaction rates include fusion reactions, photodisintegra-
tion of nuclei, and weak interactions like absorption or emission of neutrinos, electrons etc. Therefore,
three of the four fundamental forces have to be taken into account in order to describe the reaction
rates: The strong force, which concerns the emission or absorption of nucleons and nuclei; The weak
interaction, which concerns all processes involving leptons, such as electrons, positrons, neutrinos,
and antineutrinos; The electromagnetic interaction, which concerns the emission and absorption of
photons.
In the following, we start by summarizing the different kinds of reaction rates involved in the astro-
physical plasma and we will conclude by showing a method which is used to solve nuclear reaction
networks.

2.2 Cross-sections and thermonuclear reaction rates

Let us consider a reaction between a projectile a and a target b, whose final products are c and d1:

a + b −→ c + d. (2.1)

The cross-section of the reaction (2.1) is then defined as:

σ =
Ṅreac

Fproj
, (2.2)

where Ṅreac is the number of reactions per target per second and Fproj is the flux of incoming pro-
jectiles. If the projectile and the target follow the same distribution, that is generally isotropic and
depends only on the momenta p of the reactants, and if the particles are in thermal equilibrium, then

1We follow the notation of Martı́nez-Pinedo (2008).
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the system can be characterized by the temperature T and by the chemical potential µ. If the pro-
jectiles and the targets follow a distribution na(p) and nb(p), respectively, then for a constant relative
velocity v between a and b, the number of reactions per cm3 and per second for the reaction (2.1) can
be written as (Martı́nez-Pinedo 2008):

rab =

∫
σ(v)vna(p)nb(p)dpadpb. (2.3)

In a typical astrophysical plasma, the nuclei follow a Maxwell-Boltzmann distribution. Therefore,
their normalized distribution is:

n =
G(T )
(2π~)3

∫
e
( E−µ

kT

)
4πp2dp, (2.4)

where G(T ) is the partition function of the considered nuclei and is given by:

G(T ) =
∑

i

(2Ji + 1)e−Ei/(kT ), (2.5)

and the sum runs over all excited states with angular momentum Ji and energy Ei (Tubbs & Koonin
1979).
Using Eq. (2.4), the thermonuclear reaction rate (2.3) can be written as:

rab = 〈σv〉a,bnanb, (2.6)

where 〈σv〉 is the average value of σv over the energy distribution, namely:

〈σv〉a,b =

(
8
πmu

)1/2 1
(kT )3/2

∫
e−

E
kT σ(E)EdE, (2.7)

and mu is the reduced mass. In the same way, we can also define the mean lifetime of a nucleus b
against destruction due to the nucleus a:

τ(b) ≡
1

〈σv〉a,bna
. (2.8)

Nuclear reaction rates are enhanced in astrophysical environments of high temperatures or low densi-
ties, since the reacting nuclei are surrounded by electrons which shield the repulsive Coulomb force
felt by charged nuclei. In order to account for this effect, which is called electron screening, we can
write Eq. (2.7) as (Itoh et al. 1979):

〈σv〉scr
a,b = 〈σv〉a,b · fscr(Za,Zb, ρ,T,Ya), (2.9)

where the screening factor fscr(Za,Zb, ρ,T,Ya) is a function of the charges of the reacting nuclei, the
density, the temperature and the composition of the plasma.
Whenever it is possible, the cross-sections σ of the thermonuclear reactions are determined exper-
imentally, and if the particles which are involved in the reaction follow a Maxwell-Boltzmann dis-
tribution, the value of 〈σv〉 can be determined. However, it is not always necessary to directly find
(experimentally or theoretically) the reaction rates of all reactions. In fact, if the cross-section of a re-
action σab→cd is known, then, thanks to the detailed balance theorem, we can straight forward find the
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cross-section of its inverse reaction σcd→ab, because they are linked by the following relation (Blatt &
Weisskopf 1952):

σcd→ab

σab→cd
=

(2 ja + 1)(2 jb + 1)k2
ab(1 + δcd)

(2 jc + 1)(2 jd + 1)k2
cd(1 + δab)

, (2.10)

where 2 ji + 1 are the states of orientation available for a particle with spin ji, ki are the wave numbers
and the factors 1 + δcd (δcd is the Kronecker delta) account for the fact that cross-sections between
identical particles in the entrance channel are twice those between different particles, the other fac-
tors being equal. Eq. (2.10) applies to particles with rest mass as well as to photons. The symbols
a, b, c and d do not only refer to specific nuclei, but to specific nuclear states. This means that the
detailed balance theorem connects the same nuclear levels in the forward as in the inverse reaction.
For example, in an astrophysical plasma the excited states of a nucleus are thermally populated and
the term 2 ji + 1 has to be replaced by G(T ) (see Eq. 2.5). Therefore, knowing the value of σab→cdv for
a thermonuclear reaction, thanks to Eqs. (2.5), (2.7) and (2.10), we can find for the inverse reaction:

σcd→ab =
1 + δcd

1 + δab

GaGb

GcGd

(
mucd

muab

)3/2

e−Q/kTσab→cd, (2.11)

where mu is the reduced mass and Q is the Q-value of the reaction.

2.3 Reactions with light or massless particles

If we consider reactions where one of the particles is much lighter (projectile) than the other (target)
(e.g., the electron is 2000 times lighter than neutrons and protons), then we can assume that the relative
velocity of the particles is just the one of the lightest one.
In this case the integration of Eq. (2.3) over the target nucleus gives just the density of the targets nb.
Therefore, Eq. (2.3) becomes:

rab = nbλb(T, ρa, µa), (2.12)

where
λb =

∫
σvanpadpa (2.13)

is an effective decay rate of the target nucleus, which depends on the temperature, on the density, and
on the chemical potential of the projectile.
In particular, in reactions involving nuclei and photons we can assume that the relative velocity is
the speed of light c. In this case, the target nuclei follow a Maxwell-Boltzmann distribution and the
photons follow a Bose-Einstein distribution with temperature T and chemical potential zero:

nγ(p) =
1

π2~3

p2

epc/kT − 1
. (2.14)

Using Eq. (2.13) and Eq. (2.14), we can write the effective photodisintegration rate as:

λγ(T ) =
1

π2~3c3

∫
σ(E)cE2

eE/kT − 1
dE, (2.15)

which depends only on the temperature. If we know the photodisintegration cross-section, then we can
find λγ through the integral in Eq. (2.15). Otherwise, we can use the detailed balance theorem in order
to determine the photodisintegration rates, once we know the term 〈σa,bv〉 of the inverse reaction:

a + b −→ c + γ, (2.16)
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having a reaction Q-value Q = mac2 +mbc2−mcc2 and each species having a atomic weight Ai. Then,
making use of kγ = Eγ/(c~), Gγ = 2 (for photons), and substituting Q and Ai in Eqs. (2.15, 2.10), it
follows that:

λγ(T ) =

(
mukT
2π~2

)3/2 1
1 + δa,b

GaGb

Gc

(
AaAb

Ac

)3/2

e−Q/kT 〈σv〉a,b. (2.17)

2.4 Decay reactions

For reactions involving the decay of nuclei with mass number A and charge number Z, e.g. α decays:

(A,Z) −→ (A − 4,Z − 2) + α, (2.18)

with a half-life τ1/2, the number of reactions per second is:

r = λAn, (2.19)

where λA is the decay constant. If we consider the ground state, with a constant half-life τ1/2, then
λA = ln2/τ1/2. If the temperature T is high enough, then the excited states can be thermally populated
and they have individual constant decays λA,i(T ). In this case, the total decay constant of the nucleus,
which depends on T , is:

λA =

∑
i λA,i(2Ji + 1)e−Ei/kT

GA(T )
, (2.20)

where GA(T ) =
∑

i λA,i(2Ji + 1)e−Ei/kT .

2.5 Reactions involving leptons: Electron and positron captures

Reactions involving electron e− or positron e+ captures on nuclei can formally be treated as photodis-
integration reactions, since the mass of the electron (me = 0.511MeV/cm2) is much smaller than those
of the nucleons (mn = 931MeV/cm2). Therefore, we can assume that the relative velocity between
nuclei and electrons is just the velocity of electrons.
Let us consider the following e− capture reaction into a nucleus with mass number A and charge
number Z:

e− + (A,Z) −→ (A,Z − 1) + ν, (2.21)

then, following the same procedure as for photodisintegration reactions, the number of reactions per
cm3 per second is given by:

re = nA

∫
σe(ve)vedne, (2.22)

with nA being the number density of the nuclei with mass number A. In an astrophysical plasma
electrons follow a Fermi-Dirac distribution and, depending on the density and temperature conditions,
they can have any degree of degeneracy, be relativistic or non-relativistic. At very high temperature
the reaction of electron and positron pairs must be taken into account as well.
For reactions involving positron captures into nuclei:

e+ + (A,Z) −→ (A,Z + 1) + ν̄, (2.23)
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a formalism very similar to the one used for electron captures can be adopted in order to calculate the
capture rates. We refer to chapter 3 for a detailed discussion of the electron and positron capture rates
into nucleons.

2.5.1 Neutrino and antineutrino captures

Neutrinos are weakly interacting particles, and therefore have a very small cross-section, but if the
density of the astrophysical plasma is high enough, then the electron neutrinos and antineutrinos can
be captured into nuclei:

νe + (A,Z) −→ (A,Z + 1) + e− (2.24)

ν̄e + (A,Z) −→ (A,Z + 1) + e+. (2.25)

Neutrinos usually are not in thermal equilibrium and their distribution has to be computed by solving
the Boltzmann transport equation. Once we know the neutrino distribution, we can use the same
formalism as done for the electrons and positron captures into nuclei and calculate the rates of the
reactions (2.24) and (2.25):

rν = nA

∫
σν(Eν)EνdEν = nAλν, (2.26)

where nA is the number density of the capturing nucleus and λν is the decay constant.
We refer to chapters 3 and 4 for a discussion of the capture reactions of electron neutrino and antineu-
trinos into free neutron and protons, which are among the most relevant reactions in our study.

2.6 Nuclear reaction network

Nuclear network calculations allow us to simulate the change of composition, namely the nucleosyn-
thesis, in astrophysical environments, once we know the evolution of their densities ρ and temperatures
T . The way the number density ni of a nuclear species changes depends not only on the nuclear reac-
tions which produce or destroy this species, but also on hydrodynamic effects. In fact, the expansion
and contraction of the environment can change the volume of the stellar plasma. In order to separate
the changes in composition due to hydrodynamic effects and to nuclear reactions, we can define for a
certain species i its nuclear abundance2:

Yi =
ni

n
=

ni

ρNA
, (2.27)

where NA is the Avogadro number and n =
∑

j n jA j ' ρ/mb is the total number of nucleons (or
baryons) in the stellar environment. The abundance of a nucleus Yi is related to its mass fraction by
Yi = Xi/Ai. The conservation of the baryon number implies that

∑
i YiAi = 1 (or

∑
i Xi = 1) and from

the conservation of the charge number, it follows that
∑

i YiZi = Ye, where Ye = ne/n is the electron

2The formalism we use here is similar to the one of Martı́nez-Pinedo (2008).
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fraction.
The time evolution of the abundance Yi of a species i can be expressed as (Martı́nez-Pinedo 2008):

dYi

dt
=

∑
j

Ni
jλ jY j +

∑
j,k

Ni
j,k
ρ

mb
〈σv〉 j,kY jYk +

∑
j,k,l

Ni
j,k,l

(
ρ

mb

)2

〈σv〉 j,k,lY jYkYl, (2.28)

where the sum runs over all the reaction terms which change the composition of the species i:

• the first term refers to the one-body reactions (decays, photodisintegration, lepton captures);

• the second sum describes the reactions involving two nuclei, or two-body reactions, such as
fusion reactions;

• the last term takes into account composition changes due to reactions involving three particles,
or three-body reactions, which generally describe two successive captures with an intermediate
phase of the formation of an unstable nucleus. For example, the triple-alpha reaction is a typical
three-body reaction.

The terms with N account for the right number of nuclei participating in the considered reaction
and also avoid double counting whenever two identical particles react together. Therefore, we have:
Ni

j = Ni, Ni
j,k = Ni/(|N j|!|Nk|!) and Ni

j,k,l = Ni/(|N j|!|Nk|!|Nl|!). Since the N factors specify how many
particles are created or destroyed during the nuclear reactions, they can be either positive or negative.

2.6.1 Implicit method to solve the nuclear reaction network

In order to find the solutions of the nuclear reaction network we have to solve the coupled non-linear
differential equations in Eq. (2.28) (for more details see Hashimoto et al. 1985 and Timmes 1999).
For this purpose, we can write Eq. (2.28) as:

dY j

dt
= f j(Y), (2.29)

where j refers to a nuclear species. In terms of the ith- time step we can write the implicit expression:

Y (i) j − Y (i − 1) j

∆t(i) = f j(Y(i)), (2.30)

with
Y (i)

j = Y
′(i−1)
j + δY

′(i−1)
j , (2.31)

Y
′(i−1)
j = Y (i−1)

j + ∆Y (i−1)
j , (2.32)

where Y
′(i−1)
j is the trivial value of the ith time step, δY

′(i−1)
j is the error of the actual value and ∆Y (i−1)

j
is given by:

∆Y (i−1)
j =

(
Y (i−1)

j − Y (i−2)
j

) ∆t(i)

∆t(i−1) . (2.33)

Combining the Eqs. (2.31) and (2.32), we get:

Y (i)
j − Y (i−1)

j = δY
′(i−1)
j + ∆Y (i−1)

j . (2.34)
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If we substitute Eq. (2.34) into Eq. (2.30) and make a Taylor expansion of the first order for f j, we
get:

δY
′(i−1)
j + ∆Y (i−1)

j

∆t(i) = f j
(
Y
′(i−1) + δY

′(i−1)
)
' f j

(
Y
′(i−1)

)
+

N∑
k

∂ f j

∂Y
′(i−1)
k

δY
′(i−1)
k . (2.35)

Therefore, from Eq. (2.35), we obtain the following linear equation:

N∑
k

 δ jk

∆t(i) −
∂ f j

∂Y
′(i−1)
k

δY
′(i−1)
k

 ' f j
(
Y
′(i−1)

)
−

∆Y (i−1)
j

∆t(i) . (2.36)

The above expression (Eq. 2.36) can be written in the matrix form as:
1

∆t(i)
−

∂ f0
∂Y
′(i−1)
0

.. −
∂ f0

∂Y
′(i−1)
N

: :
−

∂ fN
∂Y
′(i−1)
0

.. 1
∆t(i)
−

∂ fN
∂Y
′(i−1)
N



δY

′(i−1)
0
:

δY
′(i−1)
N

 =


f0

(
Y′(i−1)

)
−

∆Y (i−1)
0

∆t(i)

:

fN
(
Y′(i−1)

)
−

∆Y (i−1)
N

∆t(i)
.

 (2.37)

In order to find the abundances Y j for each of the j = 1, ...,N nuclear species, we can invert this matrix
and the iteration is done until the following criterion is satisfied:

max

∣∣∣∣∣∣∣∣
δY

′(i−1)
j

Y (i−1)
j

∣∣∣∣∣∣∣∣ < ε, (2.38)

and for ε we can take a value of 10−6.
In theory, we can include in our reaction network as many nuclear species as we want, as far as we
have the corresponding nuclear reaction rates. Furthermore, each nucleus can, at least theoretically
speaking, interact with every other nucleus present in the plasma. This makes it computationally
expensive to find the network solution. However, in most cases, the majority of reactions can be
neglected, since usually the most important reactions for each nucleus are capture reactions involving
nucleons, or photons and their inverse reactions. This means that the resulting matrix which has to be
inverted is sparse and band diagonal.





3 Dynamical Study of the Electron Fraction in
the Supernovae Neutrino-Driven Wind

Recent works (Martı́nez-Pinedo et al. 2012, Roberts 2012, and Roberts et al. 2012) have shown that
the nucleon potential corrections on the electron neutrino and antineutrino spectra in core-collapse
supernovae (CCSNe), especially in the deleptonization phase of the newly born proto-neutron-star
(PNS), can have an important impact on the nucleosynthesis yields in the neutrino-driven wind (ν-
driven wind). This was the motivation to perform this study, in which we use the trajectories of the
ν-driven wind of an 8.8 M� progenitor electron-capture supernova (ECSN) simulated self-consistently
using a sophisticated treatment of the neutrino transport (Hüdepohl et al. 2010). However, in our simu-
lations, the aforementioned nucleon potential corrections on the neutrino opacities were not included.
Therefore, in order to mimic their impact on the neutrino spectra from our simulations, we vary the
electron neutrino and antineutrino properties (mean energy and luminosity) and investigate how they
impact the electron fraction Ye in the ν-driven wind.
We even consider different cross-sections for the β-processes (with or without the inclusion of recoil
and weak magnetism corrections) and test their impact on Ye. Furthermore, we calculate Ye in dif-
ferent ways (with or without nuclear reaction network), in order to check the validity of equilibrium
assumptions about its evolution.
We conclude that both weak magnetism corrections as well as a proper inclusion of the dynamical
effects, and in particular the formation of the alpha particles, can significantly impact the electron
fraction in the ν-driven wind. The formation of a very neutron-rich environment, which is required for
the r-process to occur, is foreseen only for neutrino parameters which are far from the values given by
the current most sophisticated supernovae simulations (Fischer et al. 2010; Hüdepohl et al. 2010).

3.1 Introduction

The question of the origin of the chemical elements heavier than Fe, in particular of the r-process
elements, is still under debate (see chapter 1). Although it looks like the most promising sites for their
production are systems involving neutron star mergers, core-collapse supernovae (CCSNe) are still
thought to play an important role. In particular, the so-called electron-capture supernovae (ECSNe)
are interesting for the production of the chemical elements, because they represent about 30% of all
CCSNe, and therefore they could significantly contribute to the chemical enrichment of our Galaxy
(Ishimaru & Wanajo 1999). ECSNe originate from a progenitor star having a mass between 8 and 10
M� and an O-Ne-Mg core. The collapse of an ECSN is triggered by the capture of electrons into the
nuclei in the core of the star, so that the degeneracy pressure of the electrons is decreased. Shortly after
the ECSN explosion, the ν-driven wind starts blowing away from the PNS surface. As the ν-driven
wind blows away from the surface of the PNS, it cools down and the nucleons combine producing
heavier and heavier nuclei. The neutrino-driven wind has historically been considered, and is still
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considered, as a potential site for the production of heavy elements. However, the production of the
very heavy elements seems to be excluded by the most recent sophisticated and long-term supernovae
simulations, which produce proton-rich matter (Fischer et al. 2010; Hüdepohl et al. 2010), rather
than neutron-rich, as it would be required for the r-process to occur (see chapter 1). In any case,
there are some neutrino properties which have not yet been properly taken into account in the above
mentioned long-term supernova simulations. For example, they assume neutrino opacities based on
a non-interacting gas of nucleons and nuclei. This simplification is inconsistent with the equation
of state (EOS) itself (Shen et al. 1998) which was used in the aforementioned simulations for the
thermodynamic quantities. This assumption is valid only for the early evolution phases of CCSNe,
such as the collapse of the core, the accretion phase and the onset of the SN explosion (Martı́nez-
Pinedo et al. 2012), since the densities at which neutrinos decouple are relatively low (∼ 1011g/cm3).
However, as the time after the explosion (the postbounce time) increases, neutrinos decouple from the
matter at higher and higher densities and the non-interacting gas approximation is not valid anymore.
Therefore, one has to take into account this effect, with the help of nucleon potential corrections
(Reddy et al. 1998), which have been shown to significantly reduce Ye in the ν-driven wind from
initially proton-rich values down to ∼ 0.42–0.45 (Roberts 2012; Roberts et al. 2012).

In this work, we aim to study the impact of nucleon potential corrections (with or without weak-
magnetism corrections) on Ye in the ν-driven wind of an 8.8 M� progenitor electron-capture supernova
(Hüdepohl et al. 2010). To this aim, we analyze the ν-driven wind trajectories at three different
representative postbounce times (t0=0.5 s, 2.9 s and 6.5 s), corresponding to the early, intermediate,
and late cooling phase of the PNS, respectively. In particular, we artificially vary the luminosities and
mean energies of electron neutrinos and antineutrinos, while using the ν-driven wind hydrodynamic
trajectories of the above mentioned ECSN, which was simulated using a full neutrino transport in 1D.
The goal is to explore the range of the neutrino parameters which determine the boundary between
the neutron-rich (Ye < 0.5) and the proton-rich matter (Ye > 0.5).

Furthermore, we also study the difference between Ye given by full network calculations where the
dynamical effects are properly taken into account, and Ye calculated making some assumptions about
the nuclear composition and the β-reactions in the ν-driven wind, as it will be better specified in what
follows.

This chapter is structured in the following way: In Sect. 3.2, we describe our ν-driven wind model as
well as our reaction network; In Sect. 3.3 we discuss in detail the evolution of the electron fraction
in the ν-driven wind; In Sect. 3.4, we present the methodology which we use in order to investigate
the impact of nucleon potential corrections on Ye; In Sect. 3.5, we show the first part of our results
on Ye using different physical approaches. Namely, we explore the difference between dynamical and
equilibrium effects, impact of weak magnetism and recoil correction and the influence of different
neutrino parameters assumptions on Ye; In Sect. 3.6, we discuss the time dependence of the evolution
of Ye. Finally, in Sect. 3.7, we present our conclusions and perspectives.

3.2 Neutrino-driven wind and nuclear reaction network

In order to explore the impact of the mean field nucleon potential corrections on the electron fraction
in the ν-driven wind of supernovae, we use one-dimensional (1D) long-term simulations of an 8.8 M�
progenitor (Hüdepohl et al. 2010), computed using the Shen et al. (1998) equation of state. For
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Figure 3.1 Mass-shell trajectories of the neutrino-driven wind as functions of the postbounce time
(tpb) at three representative initial ejection times (t0 = 0.5 s, 2.9 s and 6.5 s): Radial distance from the
PNS center (top), temperature (middle), and density (bottom) along the ejecta trajectories. The kinks
visible in the temperature and density evolution of the trajectories at t0 = 2.9 s indicate the existence
of a weak reverse shock.

this study we adopt the Model Sf 21 (see Hüdepohl et al. 2010 for more details). In this model, the
accretion phase ends at a postbounce time tpb ∼ 0.2 s, and the subsequent deleptonization and cooling
phase of the PNS due to the escape of neutrinos last ∼ 10 s.

In order to perform our calculations, we use three trajectories (at t0 = 0.5 s, 2.9 s, and 6.5 s) taken from
Hüdepohl et al. (2010), which are representative of the early, intermediate, and late phase evolution
of the ν-driven wind, respectively. In Fig. 3.1, we show the distance r from the center of the PNS (top
panel), the temperature T (middle panel), and the matter density ρ (bottom panel) profiles of the three
representative mass-shell ν−driven wind trajectories as functions of tpb.
We use a nuclear reaction network in which 6300 species are included between the proton and the

neutron-drip lines, up to the Z = 110 isotopes (for more details, see Wanajo 2006). In our calculations,
we include all relevant reactions such as (n, γ), (p, γ), (α, γ), (p, n), (α, n), (α, p), and their inverse
reactions. The reactions involving the capture of νe and ν̄e on free neutrons and protons play a crucial
role, since they determine Ye in the ν-driven wind (see next section). Therefore, we use two different
sets for the neutrino opacities, namely without or with the inclusion of weak magnetism and recoil
corrections (Horowitz & Li 1999). Furthermore, we do not include neutrino-induced reactions on
heavy nuclei, because they have negligible effects (Meyer et al. 1998). Since the matter blowing away
from the PNS is (at the beginning) in NSE, we assume an initial composition of 1 − Ye and Ye for
free neutrons and protons, respectively. Finally, the nucleosynthesis calculations are started when the
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mass-shell temperature decreases to 9 GK.

3.3 Electron fraction evolution

Together with the entropy and the expansion timescale, a basic quantity defining the conditions for
element formation (and eventually an r-process) in the ν-driven wind is the excess of initially free n or
p expressed by the electron fraction Ye. It is locally defined as the ratio of the net electron (electrons
minus positrons) number density (Ne) to the sum of the proton number density (Np) and of the neutron
number density (Nn):

Ye(r) =
Ne(r)

Np(r) + Nn(r)
= Xp(r) +

Xα(r)
2

+
∑
ZA>2

ZA(r)
A(r)

XA(r) , (3.1)

where Xp, Xα, and XA are the mass fractions of free protons (p), α particles, and heavy elements
(ZA > 2) as functions of the radius. The charge and the mass numbers of the heavy nuclear species
are ZA and A, respectively. In all neutral media, Ye = Yp and Yn = 1 − Ye, with Y j being the number
density of free or bound particle species j relative to baryons. The lower Ye, the more the environment
is neutron rich, and thus the more favorable it is for the r-process to occur (e.g. Hoffman et al. 1997).
On the other hand, Ye > 0.5 implies that the matter is proton-rich and p-rich nuclei could be formed
through the νp−process (Fröhlich et al. 2006b; Pruet et al. 2006; Wanajo 2006).

Having in mind the overall evolution of abundances with radius and time and assuming that the reac-
tions of neutrinos on nuclei are negligible, the n/p ratio in the wind ejecta is set by β-interactions of
electron neutrinos (νe) and electron antineutrinos (ν̄e) with free n and p and their inverse reactions:

νe + n 
 p + e− , (3.2)

ν̄e + p 
 n + e+. (3.3)

The Ye evolution therefore depends on the spectra and luminosities of νe and ν̄e. Modifications of the
neutrino emission properties, for example due to nucleon potential corrections or to neutrino flavor
oscillations, could significantly change the n/p ratio and thus Ye in the ν-driven wind.

Because of slow time variations of the outflow conditions during the PNS cooling phase, a near steady-
state situation applies (Qian & Woosley 1996) and the rate-of-change of Ye within an out-flowing mass
element can be written as in McLaughlin et al. (1996):

dYe

dt
= v(r)

dYe

dr
' (λνe + λe+)Y f

n − (λν̄e + λe−)Y f
p , (3.4)

where v(r) is the velocity of the out-flowing mass element, the λi are the reaction rates, and Y f
n and Y f

p
are the abundances of free nucleons.

In the free streaming limit with neutrinos propagating radially, the forward reaction rates of Eqs. (3.2,3.3)
can be written in terms of the electron (anti)neutrino emission properties as:

λνe '
Lνe

4πr2〈Eνe〉
〈σνe〉 , (3.5)

λν̄e '
Lν̄e

4πr2〈Eν̄e〉
〈σν̄e〉 , (3.6)
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where Lνe and Lν̄e are the luminosities of νe and ν̄e respectively, 〈Eνe〉 and 〈Eν̄e〉 the mean spectral
energies. The νe and ν̄e capture cross-sections of the forward reactions (3.2,3.3), averaged over
the corresponding νe and ν̄e energy spectra, are 〈σνe〉 and 〈σν̄e〉, respectively. Including the weak
magnetism and recoil corrections, the average neutrino capture cross-sections are (Horowitz & Li
1999):

〈σνe〉 ' k
〈
Eνe

〉
ενe

1 + 2
∆

ενe

+ aνe

(
∆

ενe

)2 Wνe , (3.7)

〈σν̄e〉 ' k
〈
Eν̄e

〉
εν̄e

1 − 2
∆

εν̄e

+ aν̄e

(
∆

εν̄e

)2 Wν̄e , (3.8)

where k ' 9.3 · 10−44 cm2/MeV2, εν = 〈E2
ν〉/〈Eν〉 (ν = νe, ν̄e), aν = 〈E2

ν〉/〈Eν〉
2, M is the nucleon

mass in MeV and ∆ = 1.293 MeV is the neutron-proton mass difference. The weak magnetism and
recoil correction factors are given by Wνe =

[
1 + 1.02bνeενe/M

]
and Wν̄e =

[
1 − 7.22bν̄eεν̄e/M

]
, where

bν = 〈E3
ν〉〈Eν〉/〈E2

ν〉
2 represents the spectral shape factor for νe or ν̄e. For simplicity, in this study,

we adopt the following approximations, which are valid for a moderately degenerate Fermi-Dirac
distribution (Horowitz & Li 1999): εν = 1.2〈Eν〉 and aν = bν = 1.21(Horowitz & Li 1999). In this
approximation the above corrections become:

Wνe =

[
1 + 1.47

〈Eνe〉

M

]
, (3.9)

Wν̄e =

[
1 − 10.39

〈Eν̄e〉

M

]
. (3.10)

We also point out that in Eq. (3.8) the spectral integration was approximated by integrating over the
interval [0,∞) instead of [∆,∞). Since the rates λνe and λν̄e are functions of the neutrino fluxes, they
can be affected by nucleon potential corrections which influence 〈Eνe〉 and 〈Eν̄e〉 (see Sect. 3.4).

The inverse reaction rates λe− and λe+ of the reactions (3.2,3.3), are given, in analogy to the forward
reaction rates, by:

λe− = c · ñe− · 〈σe−〉, (3.11)

λe+ = c · ne+ · 〈σe+〉, (3.12)

where c is the speed of light. In Eq. (3.11), ñe− is slightly modified compared to the electron number
density and is given by:

ñe− =
8π

(2π~c)3 ·

∞∫
0

ε2

1 + exp[ ε−µ̃e
kBT ]

dε, (3.13)

where µ̃e = µe − ∆ and µe is the electron chemical potential. The average cross section 〈σe−〉 of the
inverse reaction (3.2) is:

〈σe−〉 '
1
2

k〈Ẽe−〉εe−

1 + 2
∆

εe−
+ ae−

(
∆

εe−

)2 Wνe , (3.14)

1These values are similar to the ones of our adopted model and our results are insensitive to their small variations.
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where εe− = 〈Ẽ2
e−〉/〈Ẽe−〉 and ae− = 〈Ẽ2

e−〉/〈Ẽe−〉
2
. In analogy to 〈En

ν〉, 〈Ẽ
n
e−〉 is defined by using

f̃e−(E) =
ξ̃·E2

1+exp [(E−µ̃e)/kBT ] for the electron distribution function with ξ̃ being the normalization factor

such that
∫

f̃e(E) dE = 1. In Eq. (3.12), the positron number density is given by:

ne+ =
8π

(2π~c)3 ·

∞∫
0

ε2

1 + exp[ ε+µe
kBT ]

dε, (3.15)

and the positron average capture cross section is given by:

〈σe+〉 '
1
2

k〈Ee+〉εe+

1 + 2
∆

εe+

+ ae+

(
∆

εe+

)2 Wν̄e , (3.16)

where εe+ = 〈E2
e+〉/〈Ee+〉 and ae+ = 〈E2

e+〉/〈Ee+〉2. The energy moments are calculated using the

positron distribution function fe+(E) =
ξe+·E2

1+exp [(E−µe+ )/kBT ] , where ξe+ is the normalization factor such

that
∫

fe+(E) dE = 1.
We approximate the weak magnetism and recoil corrections in Eqs. (3.14,3.16) by using Wνe and Wν̄e

of Eqs. (3.7,3.8) with the energy moments of the emitted neutrinos in the β-reactions, fulfilling the
detailed balance theorem. We notice that in Eqs. (3.14,3.16) and Eqs. (3.7,3.8) we have neglected the
mass of the electron, me, since it does not make any difference in our calculations (me � E ± ∆).
We also point out that λe− and λe+ , neglecting weak magnetism and recoil corrections (i.e. for Wνe =

Wν̄e = 1), but including me-dependent terms, are given in Bruenn (1985).

The nucleons involved in the β-reactions of Eq. (3.4) are free. Accounting for the nucleons bound in
α particles, the number fractions of free protons and neutrons can be written as functions of Ye as:

Y f
p = Ye −

Xα
2
−

∑
ZA>2

ZA

A
XA , (3.17)

Y f
n = 1 − Ye −

Xα
2
−

∑
ZA>2

NA

A
XA , (3.18)

where Xα (XA) is the mass fraction of α particles (heavy nuclei). The recombination of free nucleons
to α-particles affects Y f

p and Y f
n according to Eqs. (3.17) and (3.18) and via Eq. (3.4) influences the

evolution of Ye. Since the formation of α-particles binds equal numbers of neutrons and protons, the
remaining free nucleons will be dominated by the more abundant nucleonic species, either n or p. The
corresponding capture reactions of νe (and e+) on neutrons in the case of neutron excess or of ν̄e (and
e−) on protons for proton-rich conditions will drive Ye closer to 0.5, which is the so-called “α-effect”
first pointed out by McLaughlin et al. (1996) and Meyer et al. (1998).

If Ye is always in an instantaneous equilibrium (i.e., dYe/dt = 0) and the capture rates of the reactions
(3.2,3.3) are known, then we can calculate Ye without performing full network calculations. In fact, in
this case, assuming that the matter is only made of free neutrons (Y f

n = 1 − Ye) and protons (Y f
p = Ye),

as it happens in NSE conditions, Eq. (3.4) becomes:

Ye =
1

1 +
λ2
λ1

, (3.19)

where λ1 = λνe + λe+ and λ2 = λν̄e + λe− . Therefore, this approximation for Ye is only valid if the
β-reactions are in equilibrium, which means that their reaction time τβ has to be smaller than the
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dynamical expansion timescale τdyn of the ν-driven wind2. In general, the condition τβ < τdyn is more
likely to be verified as the postbounce time increases (e.g., late phases of the cooling evolution of the
PNS), because τdyn of the matter increases as well. However, especially at early phases of the ν-driven
wind, it can happen that τβ > τdyn, so that Eq. (3.19) is not valid anymore.

From Eq. (3.19), it also follows that, if λe− � λν̄e (or λe− = 0) and λe+ � λνe (or λe+ = 0), then Ye can
also be written as:

Ye =
1

1 +
λν̄e
λνe

, (3.20)

and it depends only on neutrino parameters according to Eqs. (3.5) and (3.6). In this case, Ye including
weak magnetism and recoil corrections is higher than without their inclusion, because the value of λνe

increases (Eq. 3.7) while λν̄e decreases (Eq. 3.8). This condition is especially verified for late phases
of the ν-driven wind evolution. We notice that, this particular approximation of Ye is broadly used in
the literature to make predictions about Ye in the ν-driven wind, once the properties of νe and ν̄e are
known (e.g, Roberts et al. 2012).
On the other hand, in the early phases of the ν-driven wind evolution, due to the higher densities and
temperatures of the matter than in the late phases, the electron and positron captures on free nucleons
play an important role in determining Ye, especially at small radii, where we may have λν̄e � λe−

and λνe � λe+ , since λe−/e+ ∝ T 6 ∝ r−6 while λνe/ν̄e ∝ r−2 (Janka 2012). In these conditions, Ye in
Eq. (3.19) is approximately given by:

Ye =
1

1 +
λe−

λe+

. (3.21)

From Eq. (3.21), it follows that, if λe− and λe+ play the dominant role in the β-reactions, then in
the presence of weak magnetism and recoil corrections Ye is lower than Ye without their inclusion,
because the value of λe− increases (Eq. 3.11, 3.14) while λe+ decreases (Eq. 3.12, 3.16).

Summarizing, depending on the ν-driven wind conditions, Ye has to be computed accurately solving
the Eq. (3.4) or can be estimated with one of the above simplified formulae.
One of the goals of this work is also to test the validity of the different assumptions about Ye in the
different evolution phases of our ν-driven wind model. To this aim we calculate the electron fraction
in three different ways:

1. It is computed using full network calculations (where Xα is accurately calculated) and the dy-
namical effects are properly taken into account as in Eq. (3.4), “Ye case”;

2. It is calculated solving Eq. (3.4), assuming Xα = 0 and setting λe− = 0 and λe+ = 0, “Ye case”;

3. It is calculated assuming instantaneous equilibrium (dYe/dt = 0), Xα = 0, λe− = 0 and λe+ = 0,
as in Eq. (3.20), “Ye,ν case”.

The first case allows us to make accurate predictions about Ye in the ν-driven wind, including the
α-effect and all the dynamical properties of the matter. The second case allows us to investigate the
competition between the α particle formation and the neutrinos properties in setting the value of Ye by
comparing Ye with Ye, while taking into account the dynamical properties of the ν-driven wind. The
third case is a probe of the equilibrium assumption about Ye. If Ye,ν is significantly different from Ye,

2The expansion timescale can be defined as τdyn = r/v at T = 0.5 MeV (Qian & Woosley 1996), where v is the velocity of
the matter.
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then the dynamical effects play a crucial role in setting the value of Ye. If Ye,ν is very different also
from Ye, then it means that not only the equilibrium assumption is not valid, but also that the α-effect
plays an important role in setting the value of Ye. On the contrary, if Ye,ν ' Ye then the equilibrium
assumption is valid and one can estimate Ye by simply using Eq. (3.20).

After giving this overview about the electron fraction in the ν-driven wind, in the next section, we
present our method to investigate the impact of the nucleon potential corrections on Ye.

3.4 Methodology

The equation of state (EoS) used in our simulations (Shen et al. 1998) assumes that neutrons and
protons form a gas of quasi-particles which move in a mean field single particle potential U. In very
neutron-rich conditions the mean-field potentials of neutrons Un and protons Up can be very different
and the difference Un − Up is directly related to the symmetry energy 3 (Martı́nez-Pinedo et al. 2012;
Roberts et al. 2012).
The impact of non-relativistic mean-field nucleon potential corrections in the β-reactions (3.2) and
(3.3) can be expressed through the following relations4(Martı́nez-Pinedo et al. 2012):

Eνe = Ee− − (mn − mp) − (Un − Up), (3.22)

Eν̄e = Ee+ + (mn − mp) + (Un − Up), (3.23)

where Ei is the energy of the particle i, mn and mp are the masses of neutron and proton, respectively.
From Eqs. (3.22) and (3.23) we can see that the mean field nucleon potential corrections reduce the
energy of emitted νe and increase the one of ν̄e, so that the net energy difference between νe and ν̄e

is 2(Un − Up). This means that, the opacities of νe (Eq. 3.7) and ν̄e (Eq. 3.8) change as well, and
therefore Ye changes consequently.
As we previously mentioned, these nucleon potential corrections are not included in our ECSN sim-
ulation and, in order to estimate their impact on Ye, we parametrize the νe and ν̄e energy spectra by
using three different methods:
(i) We discretize the mean energies of νe and ν̄e in the range [5-23] MeV, while keeping the same
luminosities Lνe and Lν̄e as given by the hydrodynamic simulations (see Fig. 3.2). The discretization
is done by steps of 0.5 MeV in the energy range [5-10] MeV and by steps of 1 MeV in the range
[11-23] MeV;
(ii) We keep the same number fluxes (i.e, L/〈E〉) for νe and ν̄e as given by the hydrodynamic simula-
tions (see Table 3.1). Namely, we vary the mean energies (as in (i)) and luminosities of νe and ν̄e, so
that their number fluxes remain constant.
(iii) We fix the luminosities Lνe and Lν̄e as given in Table 3.1, and vary 〈Eνe〉 and 〈Eν̄e〉 as in (i). This
case is very similar to case (i), but it allows us to test the consequences of the variations (although
small) in the evolution of Lνe and Lν̄e on Ye, by comparing Ye in case (iii) and in case (i).

In Fig. 3.2, we show the luminosities of νe and ν̄e as given by the hydrodynamic simulation for
each of the representative phases of the ν-driven wind as functions of tpb. The time t0 corresponds
to the time at which the temperature decreases to 9 GK, namely at the time where nucleosynthesis
starts. We use these luminosities in order to perform our study using method (i). In Table 3.1, we

3There are different definitions of the symmetry energy of nuclear matter, which according to Lattimer (2014) can also be
defined as the difference between the energies of pure neutron and symmetric nuclear matter as a function of density.

4In the elastic approximation, namely if the neutron and the proton have the same moment (pn ' pp).
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Figure 3.2 Luminosities of νe and ν̄e as functions of the postbounce time (tpb). The time t0 corresponds
to the postbounce time at which the temperature of the ν-driven wind decreases to 9 GK: Upper panel,
t0 = 0.5 s (early phase of the ν-driven wind evolution), middle panel t0 = 2.9 s (intermediate phase),
lower panel t0 = 6.5 s (late phase). As the time increases, Lνe and Lν̄e become always more similar to
each other.

report the initial conditions given by the hydrodynamic simulation at the neutrinosphere5. We even
report the values of the νe and ν̄e number fluxes which we use to perform our study using the method
described in (ii) and Lνe and Lν̄e used in case (iii). Notice that, in case (ii) and (iii), we assume that
the representative number fluxes and luminosities which we choose do not change as a function of
tpb. Therefore, in cases (ii) and (iii), we ignore the evolutionary changes due to remaining neutrino
interactions in the external medium and general relativistic red-shift corrections, which are included
in the hydrodynamic simulations. However, by comparing case (i) and (iii), we will see that these
changes have only a small impact on Ye.

3.5 Results I: Variation of the physical treatment

In this section, we discuss our results concerning the evolution of Ye in the ν-driven wind with respect
to the different physical assumptions. First, we will focus on the comparison between the evolution of
Ye while performing full network calculations (case 1, Ye in Sect. 3.3), Ye in the case where Xα = 0,

5The neutrinosphere is defined as the region at which the neutrinos or antineutrinos escape from the PNS. We assume that
the neutrinosphere is equal for all neutrino flavors, and that their properties (luminosities and mean energies) do not
change anymore as νe and ν̄e propagate outwards the surface of the PNS.
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Table 3.1 At each representative postbounce time t0 (corresponding to the time at which the tempera-
ture decreases to 9 GK) we show the values of the initial radius Ri and the initial electron fraction Ye,i.
We even show the representative luminosities L, the mean energies 〈E〉 in MeV, and the corresponding
neutrino number fluxes L/〈E〉 of νe and ν̄e as given by hydrodynamic simulations which we use for
our study, according to the procedure (ii) and (iii).

t0 Ri
a Ye,i Lνe Lν̄e 〈Eνe〉 〈Eν̄e〉 Lνe/〈Eνe〉 Lν̄e/〈Eν̄e〉

[s] [km] [1051erg/s] [1051erg/s] [MeV] [MeV] [1056s−1] [1056s−1]
0.5 45.1 0.360 9.5 10.1 16.8 18.1 3.526 3.482
2.9 19.7 0.270 3.3 3.4 15.8 16.3 1.303 1.302
6.5 17.4 0.280 1.0 0.99 12.4 11.9 0.499 0.518

aWe start our calculations slightly outside the surface of the PNS (or the neutrinosphere), but close enough so that all
important effects due to β-reactions and α particle formation are taken into account.

λe− = 0 and λe+ = 0 (case 2, Ye in Sect. 3.3) and in the case were equilibrium is assumed (case 3, Ye,ν

in Sect 3.3). Secondly, we will discuss the impact of weak magnetism and recoil correction on Ye, Ye

and Ye,ν. Thirdly, we will consider the impact of different assumptions about the neutrino parameters
on Ye, namely the difference between Ye in the case where we assume the luminosities as given by the
hydrodynamic simulations (case (i) in Sect. 3.4) and the case where we fix the neutrino number fluxes
(case (ii) in Sect. 3.4) or the luminosity (case (iii) in Sect. 3.4).

3.5.1 Dynamical and equilibrium assumptions on the Ye evolution

The accurate treatment of the evolution of the electron fraction in the ν-driven wind requires detailed
network calculations. However, in certain cases (see Sect. 3.3), even an approximate treatment of the
physics determining the evolution of Ye could be enough in order to have an idea about its value.
In Fig. 3.3, we show the contour plots of Ye (left), Ye (right, solid lines) and Ye,ν (right, dashed
lines) as functions of 〈Eνe〉 and 〈Eν̄e〉 for the early phase evolution of the ν-driven wind (t0 = 0.5 s),
assuming that the luminosities of νe and ν̄e are the same as in the hydrodynamic simulations (see case
(i) for Ye and Ye, and case (iii) for Ye,ν in Sect. 3.4). The panels at the top refer to the cases without
including weak magnetism and recoil corrections on the β-reactions which determine the electron
fraction (see Eqs. 3.2 and 3.3). The green star symbol corresponds to the electron fraction using the
hydrodynamic values of 〈Eνe〉 and 〈Eν̄e〉 (see Tab. 3.1). The values of Ye and Ye,ν are determined by
the forward reactions (3.2) and (3.3) and, therefore, they only depend on the neutrino properties (see
Eq. 3.20). By comparing the left and the right panels, we see that the values of Ye are smaller than
the corresponding ones of Ye (and Ye,ν) for Ye > 0.5 and larger for Ye < 0.5. This is mainly due to
the α-effect (McLaughlin et al. 1996 and Sect. 3.3), namely to the interplay between the formation
of α particles and the β-reactions which drive Ye −→ 0.5, compared to the case where Xα = 0, as in
the Ye and Ye,ν cases. The impact of the α-effect can also easily be seen by comparing the number of
lines of Ye and Ye (or Ye,ν) in the same range of 〈Eνe〉 and 〈Eν̄e〉 values. In fact, we notice that their



3.5 Results I: Variation of the physical treatment 31

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
]

Y
e
=0.5

Y
e
,  L=L

hydro
,  no WM, t

0
=0.5 s

0.4

0.6

0.7

0.
35

0.45

0.75

0.65

0.55

0.
3

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
]

Y
e
=0.5

Y
e
 vs Y

e,ν
,  L=L

hydro
,  no WM, t

0
=0.5 s

0.
3

0.4

0.6

0.7

0.
35

0.4
5

0.75

0.65

0.55

0.8

0.85

0.
25

Y
e,ν

=0.5

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
]

Y
e
=0.5

Y
e
,  L=L

hydro
,  WM, t

0
=0.5 s

0.
4

0.6

0.7

0.
45

0.75

0.65

0.55

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
]

Y
e
=0.5

Y
e
 vs Y

e,ν
,  L=L

hydro
, WM, t

0
=0.5 s

0.
4

0.6

0.7

0
.3

5

0.
45

0.75

0.65

0.5
5

0.8

0.85

Y
e, ν

=0.5

Figure 3.3 The upper panel on the left shows contour plots of the electron fraction Ye as functions
of the mean energy of νe (〈Eνe〉) and ν̄e (〈Eν̄e〉) at postbounce time t0 = 0.5 s, while keeping the
luminosities of νe (Lνe) and ν̄e (Lν̄e) as given by the hydrodynamic simulations (case (i) for Ye and Ye

and case (iii) for Ye,ν, see Sect. 3.4). The weak magnetism corrections are not taken into account (“no
WM” case). The upper panel on the right shows the electron fraction at t0 = 0.5 s, as on the left, but
with Xα = 0 and switching off the electron and positron capture rates: Ye takes into account dynamical
effects, while Ye,ν is the equilibrium value (i.e., assuming dYe/dt = 0). The lower panels are the same
as the corresponding upper ones, but in the case where weak magnetism corrections (“WM” case)
are applied to the neutrino opacities. The green stars in each plot correspond to the values from the
hydrodynamic simulations.

number in the Ye case (the range of values which Ye can span) is lower than the one in the Ye (and
Ye,ν) case, although the difference between two adjacent Ye and Ye contour lines is always the same,
namely ∆Ye = ∆Ye = ∆Ye,ν = 0.05.
By comparing Ye and Ye,ν, we can see the difference between the pure dynamical effects (dYe/dt , 0)
and the equilibrium assumption (dYe/dt = 0), in the case the luminosities are fixed as described in
Sect. 3.4. We notice that this difference is not as big as the one between Ye and Ye (or Ye,ν).
Therefore, at t0 = 0.5 s, in the case where the neutrino luminosities are kept constant as in case
(i) or (iii) of Sect. 3.4, the value of Ye strongly depends on the α-effect and on the electron and
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Figure 3.4 Same as Fig. 3.3, but keeping the number fluxes of νe (Lνe/〈Eνe〉) and ν̄e (Lν̄e/〈Eν̄e〉) as
given by the hydrodynamic simulations (see Tab. 3.1 and case (ii) in Sect. 3.4).

positron captures. In particular, since the difference between Ye and Ye,ν is significantly large, we can
conclude that the equilibrium assumption about Ye at early evolution stages of the ν-driven wind, in
the “L = Lhydro” case, is not valid. This means that, in this case, the condition τβ < τdyn is not fulfilled
(see Sect. 3.3).

Besides the nuclear composition and the dynamical effects, the physics involved in the β-reactions
themselves also is of great importance in setting the value of Ye in the ν-driven wind, as we will
discuss in the next section.

3.5.2 Impact of weak magnetism and recoil corrections on Ye

In this section, we discuss the influence of weak magnetism and recoil corrections on the evolution of
Ye (Horowitz & Li 1999). The weak magnetism and recoil corrections increase the capture rates of νe

and e−, while they decrease the capture rates of ν̄e and e+ (see Sect. 3.3). In particular, close to the
surface of the proto-neutron star (or at smaller radii), the evolution of Ye is mainly determined by λe−
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and λe+ , while far away from the PNS λνe and λν̄e determine Ye. This is due to the fact that the capture
rates of e− and e+ are proportional to T 6 (r−6), while those of νe and ν̄e are proportional to r−2 (Janka
2012). In Fig. 3.3 (lower panel), we show the contour plots of Ye, Ye and Ye,ν as functions of 〈Eνe〉

and 〈Eν̄e〉 with weak magnetism and recoil corrections (“WM case”), at t0 = 0.5 s. By comparing the
“no WM” case with the “WM case”, in the “L = Lhydro” case, we see that the main effect of these
corrections is to increase Ye, although this increase strongly depends on 〈Eνe〉 and 〈Eν̄e〉. In particular,
at low neutrino energies, the corrections due to weak magnetism and recoil are smaller than at high
energies, as we expect from the correction factors Wνe and Wν̄e (see Sect. 3.3). This can also be more
easily seen by comparing Ye (or Ye,ν) in the “no WM” case with the one in the “WM” case, since Ye

and Ye,ν depend only on λνe and λν̄e and in the “WM” case they are always higher than in the “no
WM” case (see discussion in Sect. 3.3).

In all the above considerations, we assumed that Lνe and Lν̄e are fixed according to the prescriptions in
case (i) (for Ye and Ye) or (iii) (for Ye,ν) of Sect.3.4. Therefore, we have to wonder how do our results
change if we use another prescription for the neutrino parameters themselves. This is the topic of our
next section.

3.5.3 Influence of neutrino parameters on Ye

In this section, we focus on the difference between the three assumptions (i), (ii) and (iii) made in
Sect. 3.4. In Fig. 3.4, we show Ye, Ye and Ye,ν analogously to Fig. 3.3, but while keeping the number
fluxes of neutrinos L/〈E〉 constant as given in Table 3.1 (case (ii) in Sect. 3.4). The differences
between Ye and Ye (or Ye,ν) are similar to the case “L = Lhydro”, namely the α-effect drives Ye towards
more symmetric conditions (Ye −→ 0.5), therefore the Ye contour plot lines are “less dense” than
the Ye ones (or the Ye,ν ones). On the other hand, there is an important difference concerning the
impact of weak magnetism and recoil corrections between the “L = Lhydro” case and the “L/〈E〉 =

const.” case. Namely, in the latter case, at low energies, Ye in “WM” case is lower than in the “no
WM” case. This is due to the fact that, at these energies and with constant neutrino and antineutrino
fluxes, the evolution of Ye is mainly driven by e+ and e− captures before α particles start forming.
Therefore, these corrections decrease the value of Ye compared to the “no WM” case, already before
α-effect, λνe and λν̄e start controlling the evolution of Ye. Differently from the “L = Lhydro” case, in
the “L/〈E〉 = const.” case, we “force” the number fluxes of νe and ν̄e to be constant, and this constant
is lower than the corresponding neutrino number fluxes in the “L = Lhydro” case, especially at lower
energies. Therefore, the neutrino capture rates in the “L/〈E〉 = const.” case are lower than the ones in
the “L = Lhydro” case especially at smaller radii, where the evolution of Ye is then mainly determined
by e+ and e− captures.
Another important difference between the “L = Lhydro” and the “L/〈E〉 = const.” cases concerns the
agreement between the values of Ye and Ye,ν.

In fact, in the “L/〈E〉 = const.” case, we notice that Ye = Ye,ν (i.e., the dynamical effects do not
play the dominant role) at higher (anti)neutrino energies, while Ye , Ye,ν at lower energies. This
suggests that at higher neutrino and antineutrino energies the equilibrium assumption τβ < τdyn may
still be valid, even for early evolution phases of the ν-driven wind. In fact, τβ ∝ 1/(λν) and, if
“L/〈E〉 = const.”, then τβ ∝ E−2

ν . This means that, if Eν is sufficiently high, then τβ can become
enough small so that the condition τβ < τdyn may be fulfilled. In the “L = Lhydro” case, τβ ∝ E−1

ν ,
therefore the probability that the condition τβ < τdyn is achieved is much lower.



34 3. Dynamical Study of the Electron Fraction in the Supernovae Neutrino-Driven Wind

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
]

L=L
hydro

, WM

L/<E>=const., WM
L=L

hydro
, no WM

L/<E>=const., no WM

Y
e
=0.5,  t=0.5 s

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
]

L=L
hydro

, Y
e
, WM

L/<E>=const., Y
e
, WM

L=L
hydro

, Y
e
, no WM

L/<E>=const., Y
e
, no WM

L=L
hydro

, Y
e,ν

, WM

L/<E>=const., Y
e,ν

, WM

L=L
hydro

, Y
e,ν

, no WM

L/<E>=const., Y
e,ν

, no WM

Y
e
=0.5 vs Y

e,ν
=0.5, t

0
=0.5 s

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
] L=L

hydro
, Y

e
, WM

L/<E>=const., Y
e
, WM

L=L
hydro

, Y
e
, no WM

L/<E>=const., Y
e
, no WM

L=L
hydro

, Y
e
, WM

L/<E>=const.,  Y
e
, WM

L=L
hydro

,  Y
e
, no WM

L/<E>=const.,  Y
e
, no WM

Y
e
=0.5 vs Y

e
=0.5, t

0
=0.5 s

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
] L=L

hydro
, Y

e
, WM

L/<E>=const., Y
e
, WM

L=L
hydro

, Y
e
, no WM

L/<E>=const., Y
e
, no WM

L=L
hydro

, Y
e,ν

, WM

L/<E>=const.,  Y
e,ν

, WM

L=L
hydro

,  Y
e,ν

, no WM

L/<E>=const.,  Y
e,ν

, no WM

Y
e
=0.5 vs Y

e,ν
=0.5, t

0
=0.5 s

Figure 3.5 Upper panel (left): Electron fraction Ye = 0.5 given by full network calculations as a
function of 〈Eνe〉 and 〈Eν̄e〉 at t0 = 0.5 s in the “L = Lhydro” (case (i) in Sect. 3.4) and “L/〈E〉 = const.”
cases (case (ii) in Sect. 3.4). In the “WM” case, weak magnetism and recoil corrections are taken into
account while in the “no WM” case they are ignored. Upper panel (right): Ye = 0.5 in the case where
Xα = 0, λe− = 0 and λe+ = 0 and Ye,ν = 0.5 in the case where equilibrium is assumed (see also text for
details). Lower panel: Comparison of Ye = 0.5 and Ye = 0.5 (left) and Ye = 0.5 and Ye,ν = 0.5 (right)
at t0 = 0.5 s. Since Ye , Ye,ν, equilibrium conditions cannot be assumed for Ye at t0 = 0.5 s. The star
symbols correspond to the hydrodynamic simulations values.

After having discussed the individual cases, in Fig. 3.5, we show a summary of the results at t0 = 0.5 s
concerning the different assumptions in determining the electron fraction. In the top panel, we show
Ye = 0.5 (left), Ye = 0.5 and Ye,ν = 0.5 (right) as functions of 〈Eνe〉 and 〈Eν̄e〉 in the cases “L = Lhydro”
and “L/〈E〉 = const.”, as well as with or without weak magnetism and recoil corrections. We show
with the symbol star the electron fraction corresponding to 〈Eνe〉 and 〈Eν̄e〉 from the hydrodynamic
simulations.
In the Ye case, the weak magnetism and recoil corrections play an important role in both directions
of the β-reactions determining Ye. Therefore, in the “L/〈E〉 = const.” case, at 〈Eνe〉 ' 10 MeV and
〈Eν̄e〉 ' 12 MeV, there is a crossing point between “WM” and “no WM” cases. This means that, for
〈Eνe〉 . 10 MeV, weak magnetism and recoil corrections lower Ye compared to the “no WM” case. In
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the “L = Lhydro” case, Ye in the “WM” case is generally higher than in the “no WM” case, and at very
low energies they achieve the same value.

Ye and Ye,ν are in the “WM” case always higher or equal than the corresponding ones in the “no WM”
case, because they only depend on the neutrino captures, and therefore weak magnetism and recoil
corrections increase Ye, as expected. We can also see the impact of dynamical effects (without network
calculations) on the electron fraction, by comparing Ye and Ye,ν. In general, in the “L/〈E〉 = const.”
case, independently from “WM” or “no WM” case, at high 〈Eνe〉 and 〈Eν̄e〉, Ye = Ye,ν, while in all the
other cases they are significantly different.

We also notice that the difference between the Ye, Ye and Ye,ν values in the “L = Lhydro” case and the
corresponding ones in the “L/〈E〉 = const.” case is much bigger in the “WM” case than in the “no
WM” case (compare solid and dashed lines in the upper panel of Fig. 3.5). In order to understand the
reason, we can focus, for example, on the contour lines Ye,ν = 0.5. From Eq. 3.20, it follows that,
Ye,ν = 0.5, if 〈Eν̄e〉 ∝ 〈Eνe〉 · (Wνe/Wν̄e), in the “L = Lhydro” case, and 〈Eν̄e〉 ∝ 〈Eνe〉 ·

√
Wνe/Wν̄e

in the “L/〈E〉 = const.” case. Furthermore, in the “no WM” case, we simply have Wνe/Wν̄e = 1.
This means that, in the “no WM” case, independently from “L = Lhydro” case or “L/〈E〉 = const.”,
Ye,ν = 0.5, if 〈Eν̄e〉 ∝ 〈Eνe〉. This simple linear relation between 〈Eν̄e〉 and 〈Eνe〉 does not apply to
the “WM” case, because of the energy dependence of Wνe and Wν̄e terms. Therefore, in the WM
case, the spacing between the contour lines in the “L = Lhydro” case is very different from the one
in the “L/〈E〉 = const.” case. This is the reason why in the “no WM” case, independently from the
assumptions about the neutrino parameters, the values of Ye, Ye and Ye,ν are more similar than in the
“WM” case.

In the lower panel of Fig. 3.5, we compare Ye = 0.5 and Ye = 0.5 (left) and Ye = 0.5 and Ye,ν = 0.5
(right) in order to directly see the difference between full dynamical network calculations and the
approximated values of the electron fraction. The full network effects play a bigger role in the case
where weak magnetism and recoil corrections are included, although these effects strongly depend
on 〈Eνe〉 and 〈Eν̄e〉. In particular, by comparing Ye = 0.5 and Ye,ν = 0.5, we can conclude that the
equilibrium assumption for Ye = 0.5 strongly depends on the neutrino parameters and the inclusion or
absence of weak magnetism and recoil corrections.

Furthermore, taking into account the most complete calculation of Ye, namely Ye in the “WM” case,
we can say that the matter is proton-rich rather than neutron-rich, if 〈Eνe〉 and 〈Eν̄e〉 are not very
different from the values given by hydrodynamic simulations (shown by the star symbol).
This means that if the shift of 〈Eνe〉 and 〈Eν̄e〉 values due to nucleon potential corrections is not very
big, then the matter in the ν-driven wind will still be proton-rich, precluding the possibility for the
r-process to occur at least in the early phase of the ν-driven wind.

However, the competition between νe (ν̄e) and e− (e+) capture rates in determining Ye and the role
played by the dynamical effects and full network calculations are sensitively time dependent. There-
fore, the time dependence evolution of Ye will be our next topic and leads us to the next section.

3.6 Results II: Time dependence evolution of Ye

The evolution of Ye in the ν-driven wind is time dependent, due to the time dependence of the hydro-
dynamic trajectories and of the neutrino properties (see Figs. 3.1 and 3.2). Therefore, we perform our
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study of Ye, analogously to what already shown at t0 = 0.5 s (early ν-driven wind phase), at t0 = 2.9
s (intermediate ν-driven wind phase) and t0 = 6.5 s (late ν-driven wind phase). The consideration of
these three representative times allows us to have a general overview about the time dependence of Ye

in the ν-driven wind.

In Figs. 3.6 and 3.7, we show the contour plots of Ye, Ye and Ye,ν at t0 = 2.9 s, analogously to Fig. 3.3
and 3.4 at t0 = 0.5 s, as functions of 〈Eνe〉 and 〈Eν̄e〉. In this case as well, for the same energy range
of 〈Eνe〉 and 〈Eν̄e〉, Ye is higher than Ye (Ye,ν) for Ye < 0.5 and is lower than Ye (Ye,ν) for Ye > 0.5.
This is mainly due to the α-effect, which pushes Ye towards 0.5. This effect is particularly evident at
t0 = 6.5 s, as we can see from Figs. 3.9 and 3.10, where Ye is pushed towards 0.5 even more, although
the details depend on the physical approximations which are used to describe the neutrino parameters
and opacities.
In general, the impact of the α-effect is bigger at late times than at early times, since the wind entropy
is higher and the expansion timescale longer, as a result of the more compact PNS with lower neutrino
luminosities, resulting in a longer duration of the α-effect (see also next chapter for more details).

By comparing Ye and Ye,ν, we can also say that the pure dynamical effects do not play any important
role on the evolution of Ye, namely the assumption dYe/dt = 0 is well justified at intermediate (com-
pare solid and dashed lines in Fig. 3.6 (right) and 3.7 (right)) and late phases (see Fig. 3.9 (right)) of
the ν-driven wind. Furthermore, the marginal difference between Ye and Ye,ν in the “L = Lhydro” case,
suggests that basically the variations of the neutrino luminosities as functions of the postbounce time
(see Fig. 3.2) do not play any important role and that case (i) and (iii) in Sect. 3.4 essentially give the
same value of the electron fraction.

In Figs. 3.8 and 3.11, analogously to Fig. 3.5 at t0 = 0.5 s, we show the summary of Ye = 0.5
and Ye = 0.5 in all the different considered cases, at t0 = 2.9 s and at t0 = 6.5 s, respectively. At
t0 = 2.9 s and at t0 = 6.5 s, in the “L = Lhydro” case, Ye in the “WM” case is always higher than the
one in the “no WM” case. This means that the evolution of Ye is mainly determined by the capture
reactions involving neutrinos, and therefore weak magnetism and recoil corrections increase its value,
analogously to what happens at t0 = 0.5 s. In the “L/〈E〉 = const.” case instead, there is an interesting
difference between the intermediate and late postbounce times, because at t0 = 2.9 s the Ye = 0.5
curves in the “WM” and “no WM” cases intersect at about 〈Eνe〉 = 6.5 MeV and 〈Eν̄e〉 ' 9.0 MeV,
differently from t0 = 6.5 s case. This means that, at t0 = 2.9 s, weak magnetism and recoil corrections
decrease Ye, and therefore the electron and positron captures play an important role in setting Ye (see
also the analogous discussion at t0 = 0.5 s), while at late times the value of Ye is in all cases mainly
determined by the capture reactions of neutrinos as we can see from the fact that Ye(WM) > Ye(no
WM), independently from the assumptions about the neutrino parameters.

In Fig. 3.12, we show a summary of the time evolution (t0 =0.5 s, 2.9 s, and 6.5 s) of Ye = 0.5 , Ye =

0.5 and Ye,ν = 0.5 in all the considered cases (“WM”, “no WM”, “L = Lhydro”, and “L/〈E〉 = const.”).
In the “L = Lhydro” case, Ye and Ye increase with time, independently from the physics involved in the
β-reactions.

In the “L/〈E〉 = const.” case, instead, we cannot see a clear dependence of Ye over time, since it can
increase as well as decrease, according to the case.

Even more importantly, in the “WM” case, independently from the time, the matter in the ν-driven
wind is proton-rich (Ye > 0.5) for 〈Eνe〉 and 〈Eν̄e〉 values close to the hydrodynamic ones (shown by
star symbols). This suggests that, unless the mean-field nucleon potential corrections on 〈Eνe〉 and
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Figure 3.6 The same as Fig. 3.3, but at t0 = 2.9 s.

〈Eν̄e〉 values are extremely large (e.g, more than 3-4 MeV), the ν-driven wind of our ECSN model
should remain proton-rich even if the aforementioned corrections were included.

In order to have a quantitative distinction between the space of neutrino parameters for which the
ν-driven wind matter of our ECSN is proton-rich (Ye > 0.5) or neutron-rich Ye < 0.5, we fit 〈Eν̄e〉 as a
function of 〈Eνe〉 (or the other way around) in all the considered cases corresponding to the electron-
fraction Ye = 0.5 (in the full network calculations case).
We assume a polynomial relation between 〈Eνe〉 and 〈Eν̄e〉 for Ye = 0.5 (see red lines in Figs. 3.3, 3.4,
3.6, 3.7, 3.9 and 3.10):

〈Eν̄e〉 = a + b · 〈Eνe〉 + c · 〈Eνe〉
2 + d · 〈Eνe〉

3 + e · 〈Eνe〉
4, (3.24)

where a is given in MeV, b, c, d, and e are the fitting parameters, which are summarized in Table
3.2. Notice that the values in boldface in Table 3.2 correspond to the fitting parameters of 〈Eνe〉 as a
function of 〈Eν̄e〉:

〈Eνe〉 = a + b · 〈Eν̄e〉 + c · 〈Eν̄e〉
2 + d · 〈Eν̄e〉

3 + e · 〈Eν̄e〉
4. (3.25)

From Table 3.2, we can see that the relation between 〈Eνe〉 and 〈Eν̄e〉 (for Ye = 0.5) is linear only in
the “L = Lhydro, no WM” case.
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Figure 3.7 The same as Fig. 3.4, but at t0 = 2.9 s. Notice that, in the lower panel (right), we do not
show the contour lines of Ye,ν, since they overlap with the ones of Ye.

3.7 Conclusions

In this chapter, we have investigated the impact of nucleon potential corrections on the electron frac-
tion in the ν-driven wind of an 8.8 M� ECSN (Hüdepohl et al. 2010). These corrections can have
important consequences for Ye, and therefore for the nucleosynthesis in the ν-driven wind. In the hy-
drodynamical simulations of Hüdepohl et al. (2010), these corrections were not included. Therefore,
we adopt some assumptions about the neutrino parameters in order to perform our study. In one case,
we adopt the neutrinos and antineutrino luminosities of Hüdepohl et al. (2010) and vary the mean ener-
gies. In the other case, we fix the neutrino and antineutrino number fluxes as in Hüdepohl et al. (2010)
and vary the mean energies. We also make different assumptions about the opacities involved in the
β-reactions which determine Ye in the ν-driven wind, namely we do include or omit weak magnetism
and recoil corrections (Horowitz & Li 1999). Furthermore, we also consider different approximations
about Ye. First, we calculate Ye using a full network, then we only consider the dynamical evolution
of Ye taking into account only neutrino reactions in the β-reactions (Xα = 0, λe+/e− = 0). Finally, we
assume an instantaneous equilibrium for Ye (i.e., dYe/dt = 0).
These assumptions allow us to investigate the impact of the α-effect on Ye and in which conditions the



3.7 Conclusions 39

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
]

L=L
hydro

, WM

L/<E>=const., WM
L=L

hydro
, no WM

L/<E>=const., no WM

Y
e
=0.5,  t

0
=2.9 s

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
]

L=L
hydro

, WM

L/<E>=const., WM
L=L

hydro
, no WM

L/<E>=const., no WM

Y
e
=0.5, t

0
=2.9 s

5 10 15 20
<E

ν
e

> [MeV]

5

10

15

20

<
E

ν
e>

 [
M

eV
]

L=L
hydro

, Y
e
, WM

L/<E>=const., Y
e
, WM

L=L
hydro

, Y
e
, no WM

L/<E>=const., Y
e
, no WM

L=L
hydro

, Y
e
, WM

L/<E>=const.,  Y
e
, WM

L=L
hydro

,  Y
e
, no WM

L/<E>=const.,  Y
e
, no WM

Y
e
=0.5 vs Y

e
=0.5, t

0
=2.9 s

Figure 3.8 Same as Fig. 3.5, but at t0 = 2.9 s. Notice that, contrary to the t0 = 0.5 s case, we do not
show the contour lines of Ye,ν here, since they basically overlap with the ones of Ye.

equilibrium assumption for Ye is valid.
Since the evolution of Ye in the ν-driven wind is also time dependent, we study three trajectories which
are representative for the early, intermediate and late phases of our ν-driven wind model.

At early times (t0 = 0.5 s) and intermediate times (t0 = 2.9 s), weak magnetism and recoil (WM)
corrections can increase Ye (at high neutrino and antineutrino energies) or lower it (at low neutrino
and antineutrino energies) compared to the case where these corrections are not included. The details
depend also on the assumed neutrino parameters. At late times (t0 = 6.5 s), WM corrections always
increase Ye compared to the “no WM” case. The α-effect always pushes Ye towards 0.5, but at later
times this effect is even more evident due to the higher wind entropy and to the longer expansion
timescale. This is a consequence of a more compact PNS with lower neutrino luminosities, and there-
fore the α-effect lasts longer.
The equilibrium conditions for Ye are well fulfilled at intermediate and late times, but not at early
times. Therefore, one has to apply full network calculations in order to predict accurate values for
Ye at early times, but can safely use the equilibrium formula for Ye, which depends only on neutrinos
parameters, at intermediate and late times.
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Figure 3.9 The same as Fig. 3.3, but at t0 = 6.5 s.

In general, if we include the recoil and weak magnetism corrections and perform full network calcu-
lations, then Ye tends to be in the proton-rich side, for neutrino parameters which are not very far from
those of the most sophisticated ECSNe simulations.
However, a proper inclusion of mean-field nucleon potential corrections on neutrino opacities in the
hydrodynamical simulations is necessary in order to accurately predict their impact on Ye in the ν-
driven wind, and therefore on the nucleosynthesis.

There is another property of neutrinos which can impact the nucleosynthesis outcome in SN and which
has not been included in our adopted model of Hüdepohl et al. (2010), namely neutrino flavor oscilla-
tions. Therefore, one has to wonder how do neutrino flavor oscillations impact the nucleosynthesis in
the ν-driven wind? An attempt to answer this question brings us to the next chapter.
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Figure 3.10 The same as Fig. 3.4, but at t0 = 6.5 s. Notice that, contrary to the t0 = 0.5 s case, we do
not show the contour lines of Ye,ν, since they overlap with the ones of Ye.
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Figure 3.11 Same as Fig. 3.5, but at t0 = 6.5 s. Notice that, contrary to the t0 = 0.5 s case, we do not
show the contour lines of Ye,ν here, since they basically overlap with the ones of Ye.
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Figure 3.12 Upper panel (left): Electron fraction Ye = 0.5 as given by full network calculations as a
function of 〈Eνe〉 and 〈Eν̄e〉 at t0 = 0.5 s, 2.9 s, and 6.5 s, in the case where weak magnetism and recoil
corrections are not taken into account in the β-reactions (“no WM” case), and in both L = Lhydro and
L/〈E〉 = const. cases. The upper and lower panels on the right show, analogously to the corresponding
panels on the left, the electron fraction Ye = 0.5 in the case where Xα = 0, λe− = 0 and λe+ = 0. In the
same panels of Ye = 0.5, we even show the equilibrium solution Ye,ν = 0.5 only at t0 = 0.5, since at
the other postbounce times it is essentially the same as Ye = 0.5. The star symbols correspond to the
values of the hydrodynamic simulations of Hüdepohl et al. (2010).
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Table 3.2 At each of the considered postbounce times (t0 = 0.5 s, 2.9 s and 6.5 s), we show the
parameters (a in MeV, b, c, d and e) used to fit 〈Eν̄e〉 as a function of 〈Eνe〉 , at Ye = 0.5, in the
case where no weak magnetism and recoil corrections are included (“no WM” case) and in the case
where they are included (“WM” case) and both in the “L = Lhydro” and “L/〈E〉 = const.” cases (see
Sect. 3.4). The numbers in boldface refer to the fitting of 〈Eνe〉 as a function of 〈Eν̄e〉.

Ye = 0.5 no WM WM no WM WM
t0 = 0.5 s L = Lhydro L = Lhydro L/〈E〉 = const. L/〈E〉 = const.

a 3.5270 2.7985 2.5017 4.9198
b 0.9000 0.8931 0.1672 0.1547
c 0 0.0295 0.0613 0.0299
d 0 0 -0.00021 −5.5493 · 10−4

e 0 0 2.8846 · 10−5 0
t0 = 2.9 s

a 4.7721 5.4000 3.4733 1.3490
b 0.9124 0.8299 0.8601 1.1625
c 0 0.0379 0.0029 0.0044
d 0 0 0 0
e 0 0 0 0

t0 = 6.5 s
a 5.0626 6.5939 4.2333 3.4330
b 0.9065 0.7547 0.5447 0.9019
c 0 0.0429 0.0317 0.0082
d 0 0 -9.536·10−4 0
e 0 0 0 0



4 Impact of Neutrino Flavor Oscillations on
Neutrino-Driven Wind Nucleosynthesis

Neutrino oscillations, especially to light sterile states, can affect the nucleosynthesis yields because
of their possible feedback effect on the electron fraction (Ye). For the first time, we perform nucle-
osynthesis calculations for neutrino-driven wind trajectories from the neutrino-cooling phase of an 8.8
M� electron-capture supernova, whose hydrodynamic evolution was computed in spherical symmetry
with sophisticated neutrino transport and whose Ye evolution was post-processed by including neu-
trino oscillations both between active and active-sterile flavors. We also take into account the α-effect
as well as weak magnetism and recoil corrections in the neutrino absorption and emission processes.
We observe effects on the Ye evolution which depend in a subtle way on the relative radial positions of
the sterile MSW resonances, of collective flavor transformations, and on the formation of α-particles.
For the adopted supernova progenitor, we find that neutrino oscillations, also to a sterile state with
eV-mass, do not significantly affect the element formation and in particular cannot make the post-
explosion wind outflow neutron rich enough to activate a strong r-process. Our conclusions become
even more robust when, in order to mimic equation-of-state dependent corrections due to nucleon
potential effects in the dense-medium neutrino opacities, six cases with reduced Ye in the wind are
considered. In these cases, despite the conversion of neutrinos to sterile neutrinos, Ye increases or is
not significantly lowered compared to the values obtained without oscillations and active flavor trans-
formations. This is a consequence of a complicated interplay between sterile-neutrino production,
neutrino-neutrino interactions, and α-effect1.

4.1 Introduction

In the previous chapter, we discussed the evolution of the electron fraction in the electron-capture
supernova (ECSN) neutrino-driven wind (ν-driven wind) simulated by Hüdepohl et al. (2010), pay-
ing attention to the impact of mean-field nucleon potential corrections on Ye, and therefore on the
nucleosynthesis. We came to the conclusion that the neutron-rich conditions, which are required for
the r-process to occur, are foreseen only for νe and ν̄e luminosities far from the ones of supernovae
simulations (Fischer et al. 2010; Hüdepohl et al. 2010).

However, there is another aspect of neutrino properties which we did not take into account, namely
neutrinos flavor oscillations. In fact, neutrino flavor oscillations could modify the wind-Ye, if they
significantly alter the νe and ν̄e fluxes before Ye reaches its asymptotic value. Therefore, the inclusion
of neutrino flavor oscillations (with or without sterile neutrinos) may be important for determining
the nucleosynthesis in the ν-driven wind and to clarify whether ECSNe could still be considered as
candidate sites for the r-process.

1The work contained in this chapter is published in Pllumbi et al. (2015).
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The nucleosynthesis yields (and the r-process) in supernovae might be affected by the existence of
light sterile neutrinos, hypothetical gauge-singlet fermions that could mix with one or more of the
active states and thus show up in active-sterile flavor oscillations (see Abazajian et al. 2012; Palazzo
2013 for recent reviews on the topic). In particular, eV-mass sterile neutrinos with large mixing imply
that the νe flux would undergo Mikheyev-Smirnov-Wolfenstein (MSW) conversions (Mikheyev &
Smirnov 1985; Wolfenstein 1978) to νs closer to the SN core than any other oscillation effect. We
assume that the sterile state is heavier than the active ones because of cosmological neutrino mass
limits (Abazajian et al. 2012). The idea that removing the νe flux by active-sterile oscillations could
favor a neutron-rich outflow environment was proposed some time ago (Beun et al. 2006; Keränen
et al. 2007; Fetter et al. 2003; Fetter 2000; McLaughlin et al. 1999; Hidaka & Fuller 2007; Nunokawa
et al. 1997). However, the considered mass differences were larger and the possible impact of ν-ν
interactions in the active sector (Duan et al. 2010) was not taken into account.

Recently, low-mass sterile neutrinos have been invoked to explain the excess ν̄e events in the LSND
experiment (Aguilar et al. 2001; Strumia 2002; Gonzalez-Garcia & Maltoni 2008) as well as the
MiniBooNE excess (Aguilar-Arevalo et al. 2009b,a; Karagiorgi et al. 2009; MiniBooNE Collabora-
tion et al. 2012). Moreover an indication for the possible existence of eV-mass sterile neutrinos comes
from a new analysis of reactor ν̄e spectra and short-baseline experiments (Kopp et al. 2011; Giunti &
Laveder 2011a,b; Giunti et al. 2012; Donini et al. 2012; Giunti et al. 2013). The cosmic microwave
background anisotropies (Reid et al. 2010; Hamann et al. 2010; Hou et al. 2013; Hinshaw et al. 2013;
Planck Collaboration et al. 2013; Archidiacono et al. 2013) as well as big-bang nucleosynthesis (Pet-
tini & Cooke 2012; Aver et al. 2012) point towards a cosmic excess radiation compatible with one
family of fully thermalized sub-eV sterile neutrinos or one or even two partially thermalized sterile
neutrino families with sub-eV/eV mass (Archidiacono et al. 2013; Giusarma et al. 2014).

Such intense activity triggered new interest in the role of neutrino oscillations with and without sterile
neutrinos, and including ν-ν interactions, on nucleosynthesis processes like the r-process and the νp-
process in SN outflows (Tamborra et al. 2012b; Duan et al. 2011a; Martı́nez-Pinedo et al. 2011). The
role of active-sterile neutrino mixing for the ν-driven explosion mechanism and the nucleosynthesis
in the early (t ≤ 100 ms postbounce) ejecta of ECSNe was discussed by Wu et al. (2014). The
authors found that active-sterile conversions can not only suppress neutrino heating considerably but
can potentially enhance the neutron-richness of the ejecta allowing for the production of the elements
from Sr, Y and Zr up to Cd. The conclusiveness of these results is unclear, however, because, besides
approximate modeling of neutrino oscillations, only spherically symmetric models were considered,
although multi-dimensional effects had been shown to be important during the onset of the explosion
(cf. Wanajo et al. 2011). In contrast to spherical models, multi-dimensional ones provide sufficient
neutron excess to yield interesting amounts of elements between the Fe-group and N = 50 nuclei
even without involving sterile neutrino effects (Wanajo et al. 2011).

In this work, we explore the impact of neutrino flavor oscillations (with and without the inclusion of
an extra eV-mass sterile neutrino) on the Ye evolution of the ν-driven wind and on the corresponding
nucleosynthesis yields of an ECSN, whose evolution can be well described in spherical symmetry and
has been followed beyond the explosion continuously into the subsequent proto-neutron star cooling
phase (Hüdepohl et al. 2010). The simulation of Hüdepohl et al. (2010) did not include the aforemen-
tioned nucleon mean-field effects in the charged-current neutrino-nucleon reactions (see also chapter
3) and resulted in the ejection of proton-rich matter throughout the wind phase. We still use this model
to examine neutrino oscillation effects in the neutrino-driven wind, because the wind dynamics and
thermodynamics conditions are only marginally changed despite the impact of the nucleon potentials
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on the electron fraction (e.g. Martı́nez-Pinedo et al. 2012).

This chapter is structured in the following way. In Sect. 4.2, we describe the ν-driven wind trajectories
adopted for the nucleosynthesis calculations, as well as our reaction network. In Sect. 4.3, the nucle-
osynthesis results are presented when no neutrino oscillations occur as fiducial case. After introducing
the neutrino mass-mixing parameters in Sect. 4.4, we briefly discuss the oscillation physics2 involved
in the nucleosynthesis calculations in Sect. 4.5. Our results for Ye and how it is affected by neutrino
oscillations (with and without sterile neutrinos) including the corresponding nucleosynthesis are pre-
sented in Sect. 4.6. In Sect. 4.7, we introduce six toy model cases for the νe and ν̄e energy spectra
in order to explore the possible consequences of nuclear mean-field effects in the neutrino opacities.
In Sect. 4.8, we discuss our results and compare with other works. We present our conclusions and
perspectives in Sect. 4.9. In the appendix A, we give more details about the feedback of neutrino
self-interactions on Ye.

4.2 Neutrino-driven wind and nuclear reaction network

In order to perform the network calculations for the nucleosynthesis in the neutrino-driven wind,
we use 98 ejecta trajectories from Hüdepohl et al. (2010) (for more details we also refer to chapter
3). Figure 4.1 shows the time evolution of the distance r from the center of the PNS (top panel),
temperature T (middle panel), and matter density ρ (bottom panel) for these mass-shell trajectories
as functions of tpb. The outflow evolution of 7 of the 98 trajectories, corresponding to initial times
t0 = 0.5, 1, 2, 2.9, 4.5, 6.5, 7.5 s (t0 being measured when the temperature T0 = 9 GK), is highlighted
with different colors. We adopt these seven trajectories as representative of the cooling evolution of
the PNS to discuss the impact of neutrino oscillations (with and without an additional light sterile
neutrino) on the nucleosynthesis in the ν-driven wind. The total ejecta mass of the 98 mass-shell
trajectories is M98 = 1.1 × 10−2M�.

We perform our network calculations in the same way as already described in Sect. 3.2 in chapter
3. Furthermore, we refer to Sect. 3.3 in chapter 3 for a detailed discussion of the electron fraction
evolution in the ν-driven wind. In the following, we will compute Ye as described in Sect. 3.3, but
without making any assumption about the spectral shape factors of neutrinos and antineutrinos, unless
otherwise specified. The spectra which we use will be described in Sect. 4.4.
In Table 4.1, we list the Ye values at the neutrinosphere radius Rν for the selected seven postbounce
times t0, as obtained from the numerical simulation of Model Sf 21 of Hüdepohl et al. (2010). Notice
the partial overlap of Table 4.1 and Table 3.1. Since we aim to discuss the role of neutrino oscillations
and of the so-called “α-effect” (see chapter 3) on the electron fraction and on the nucleosynthesis in
the ν-driven wind, we distinguish two cases with different Xα in what follows:

(i) We compute Xα using the full network (labelled “incl. α-effect”);

(ii) We keep Xα constant at its value at T = 9 GK as given by Model Sf 21.

Since a proper inclusion of the α-effect always requires detailed network calculations as in our case
(i), we consider case (ii), i.e. Xα constant for T < 9 G, for isolating the effect of the formation of α
particles on Ye, as we will elucidate in Sect. 4.6.

2All neutrino flavor oscillation calculations are done by Irene Tamborra. She gave me the neutrino oscillated spectra,
which I then used as input to perform nucleosynthesis calculations.
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Figure 4.1 Mass-shell trajectories of the neutrino-driven wind as functions of postbounce time (tpb):
Radial distance from the PNS center (top), temperature (middle), and density (bottom) along the
ejecta trajectories. The colored curves correspond to the selected 7 trajectories representative of the
evolution of the ν-driven wind for initial times, t0 = 0.5, 1, 2, 2.9, 4.5, 6.5, 7.5 s. The kinks visible in
the temperature and density evolution of the trajectories for t0 = 2 s and 2.9 s indicate the existence
of a weak reverse shock.

4.3 Nucleosynthesis yields without neutrino oscillations

In this section, we discuss as our fiducial case the results of nucleosynthesis in the ν-driven wind ejecta
of an 8.8 M� ECSN without taking into account neutrino oscillations (but including the α-effect). Note
that nucleosynthesis computations were done in previous papers adopting semi-analytically (Wanajo
et al. 2001; Wanajo 2006) or hydrodynamically (Fröhlich et al. 2006a; Takahashi et al. 1994; Pruet
et al. 2006; Arcones & Montes 2011) computed neutrino-driven winds. With the exception of inves-
tigations by Meyer et al. (1992) and Woosley et al. (1994), who used the now outdated model of J.
Wilson, however, the other existing calculations were based on a number of simplifications or consid-
ered only constrained periods of evolution (like Pruet et al. 2006). In this sense, our study is the first
one in which the wind nucleosynthesis is explored in a self-consistently exploded progenitor, whose
evolution was continuously followed from collapse to beyond the explosion through the complete
subsequent proto-neutron star cooling phase. Nevertheless, the results should not be taken as firm nu-
cleosynthetic prediction to be used for galactic chemical evolution studies because of the absence of
dense-medium nucleon potential effects in the charged-current neutrino reactions of the hydrodynamic
simulation. The inclusion of these nucleon-potential effects will cause nuclear equation-of-state de-
pendent modifications of the neutrino emission and therefore of the Ye evolution in the ν-driven wind
(e.g Martı́nez-Pinedo et al. 2012; Roberts 2012; Roberts et al. 2012), whose investigation is beyond
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Table 4.1. Neutrinospheric parameters and electron fractions Ye as functions of postbounce time t0.

t0a Rνb Ye
c Ye,a

d ∆M j
e Lνe

f Lν̄e
g Lνx

h 〈Eνe 〉
i 〈Eν̄e 〉

j 〈Eνx 〉
k ανe

l αν̄e
m ανx

n

[s] [105 cm] [10−3 M�] [1051erg/s] [1051erg/s] [1051erg/s] [MeV] [MeV] [MeV]

0.5 25.0 0.0547 0.554 9.640 9.5 10.10 10.80 16.8 18.1 18.3 2.9 3.0 2.8
1.0 20.5 0.0522 0.546 0.770 7.3 8.30 7.90 15.9 17.4 17.3 3.0 2.9 2.6
2.0 17.5 0.0445 0.564 0.380 4.7 4.90 5.30 15.3 16.5 16.1 3.2 2.7 2.3
2.9 16.0 0.0323 0.566 0.110 3.3 3.40 3.70 15.8 16.3 15.7 3.1 2.3 2.5
4.5 15.2 0.0268 0.574 0.060 1.9 1.90 2.00 13.8 13.4 12.9 3.0 2.3 2.1
6.5 14.5 0.0233 0.555 0.020 1.0 0.99 1.04 12.4 11.9 11.8 2.6 2.3 2.4
7.5 14.5 0.0223 0.549 0.002 0.6 0.60 0.60 9.9 9.6 9.5 2.4 2.3 2.5

aPostbounce time.
bNeutrinosphere radius.
cElectron fraction at Rν.

dAsymptotic electron fraction (at r = 3 · 107 cm).

e∆M: ejecta mass of the 7 representative wind trajectories.
f,g,hLuminosities of νe, ν̄e and νx, respectively.
i, j,kMean energies of νe, ν̄e and νx, respectively.
l,m,nSpectral fitting parameters of νe, ν̄e and νx, respectively (see Sect. 4.4).

the present work. Including 98 trajectories, XA is given by

XA =
1

Mtot

98∑
i=1

Xi,A ∆Mi , (4.1)

where Xi,A and ∆Mi are the mass fractions and the ejecta-shell masses respectively, while Mtot is the
total mass of the ejecta, which we consider to be the sum of the ejected mass from the core plus the
outer H/He-envelope (assumed to contain no heavy elements):

Mtot = (8.8 M� − 1.366 M�) + 0.0114 M� ' 7.44 M� .

Here 1.366 M� defines the initial mass cut between neutron star and ejecta and M98 = 0.0114 M�. In
order to discuss the impact of neutrino oscillations3 in the following sections, we replace the full set
of 98 trajectories by 7 “representative” ν-driven wind trajectories (Fig. 4.1).

For the 7 representative wind trajectories, we define combined mass elements, ∆M j ( j = 1, ..., 7), in
such a way that ∆M j =

∑i j

i=i j−1+1∆Mi, where the summation includes all mass shells ejected between
the representative shell i j−1 and the representative shell i j (see Table 4.1). The first representative
shell, for example, includes all the 10 trajectories of the full set which are ejected before t0 = 0.5 s.
Thus, for the 7 representative trajectories, we define

XA =
1

Mtot

7∑
j=1

X j,A ∆M j , (4.2)

with X j being the mass fractions for the j-th trajectory.

3We assume that the νe and ν̄e luminosities and energy spectra do not change for r ≥ Rν. This means that we do not only
ignore small evolutionary changes due to remaining neutrino interactions in the external medium but we also disregard
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Figure 4.2 Left: Mass fractions XA of the ejecta as a function of mass number A comparing the cases
for 7 representative trajectories and for all the 98 trajectories. Right: Comparison of the isotopic ejecta
mass fractions (XA) relative to the solar ones (X�). The horizontal upper dotted line passes through the
most overproduced isotopes (51V, 53Cr, and 62Ni) in the 98 trajectory case, and the horizontal lower
dotted line lies a factor of ten below the level of the upper line. The dashed line represents the median
value. Our 7 selected trajectories reproduce the case with the 98 trajectories satisfactorily well only
for certain values of A (e.g. 58 ≤ A ≤ 69).

Figure 4.2 shows the nucleosynthesis mass fractions, without taking into account neutrino oscillations,
for the 98 trajectories and for the 7 trajectories after mass integration over the ejecta mass-shell range
as given by Eqs. (4.1) and (4.2), respectively. In the left panel, the mass fractions XA obtained for
all of the 98 available ν-driven wind trajectories are compared to the ones obtained for the 7 selected
trajectories. The right panel of Fig. 4.2 shows the isotopic mass fractions XA relative to the solar ones
X� (Lodders 2003, i.e. the production factors) for the 98 available ν-driven wind trajectories and for
the 7 representative ones as functions of A. The dotted horizontal lines represent a “normalization
band.” The isotopes which fall into this band are considered to be the main nucleosynthetic products
from the neutrino-driven wind phase of our fiducial ECSN model that could contribute to galactic
chemical evolution. The upper dotted line passes through the most overproduced elements (51V, 53Cr,
and 62Ni), and the lower dotted line lies a factor of ten below that. The middle dashed line represents
the median value.

We find that the nucleosynthesis yields of the 7 trajectories reproduce those obtained from all the
98 trajectories only very approximately because of the coarse time resolution of the wind history.
Nevertheless, this will be qualitatively sufficient to discuss the effects of neutrino oscillations on the
nucleosynthesis conditions. The right panel of Fig. 4.2 shows little production of isotopes with
A > 65 in the 98 trajectory case as well as in the 7 trajectory case. This is a consequence of a weak
νp-process4 in this supernova environment because of the absence of a dense outer stellar envelope
in ECSNe, which is crucial for an efficient νp-process (Wanajo et al. 2011). Many of the iron-group
and light trans-iron isotopes still lie on the normalization band, but the greatest production factors
(for 51V, 53Cr, and 62Ni in the 98 trajectory case) are below 10. For example, the production factor
of 62Ni is several times smaller than the corresponding one in the early (. 400 ms) convective ejecta,

general relativistic redshift corrections, which depend on r, and which are included in the hydrodynamic simulations.
4In Table 4.1, we show the asymptotic values (indicated by subscript “a”) of the electron fraction Ye,a for our 7 represen-

tative trajectories. Notice that since Ye,a > 0.5 for all the considered cases, the νp-process may be enabled.
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which are absent in 1D but found in the 2D counterpart of the ECSN explosion model (Wanajo et al.
2011, 2013a). It appears, therefore, that the nucleosynthetic contribution of the ν-driven wind to the
Galactic chemical evolution is unimportant. It should be noted, however, that the effects of nucleon
potential corrections might alter the Ye history; thus the wind contribution could be more important
for nucleosynthesis than found here.

4.4 Reference neutrino signal and flavor evolution equations

At radius r > Rν, the unoscillated spectral number fluxes for each flavor ν (ν = νe, ν̄e, νx, ν̄x with x = µ

or τ) can be approximated by

Fν(E) ≈
Lν

4πr2

fν(E)
〈Eν〉

, (4.3)

where Lν is the luminosity for the flavor ν and 〈Eν〉 the mean spectral energy5. The neutrino spectrum
fν(E) is well reproduced by a combined power-law and exponential fit (Keil et al. 2003; Tamborra
et al. 2012a):

fν(E) = ξν

(
E
〈Eν〉

)αν
e−(αν+1)E/〈Eν〉 , (4.4)

being the parameter αν defined by 〈E2
ν〉/〈Eν〉

2 = (2 + αν)/(1 + αν) and ξν a normalization factor such
that

∫
fν(E) dE = 1.

In order to incorporate neutrino oscillations in our nucleosynthesis computations, we consider the
7 selected postbounce times t0 as representative of the changing wind conditions during the proto-
neutron star cooling phase (note the partial overlap with data from the simulation by Hüdepohl et al.
2010 used for the analysis in Tamborra et al. 2012b). In Table 4.1 we list the neutrinosphere radius Rν
(assumed to be equal for all flavors), the luminosity Lν, the mean energy 〈Eν〉, and the fit exponent αν
for each neutrino flavor and for the seven representative wind trajectories.

In what follows, we neglect oscillations driven by the smallest mass difference between the active fla-
vors, δmsol, and focus on neutrino oscillations in the active sector driven by the largest mass difference
between νe and νx, δmatm, and by the mixing angle θ13. The reduction to two effective active flavors
is justified, since oscillations driven by the solar parameters tend to take place at a radius larger than
the one at which oscillations driven by δm2

atm occur. Flavor oscillations driven by the solar parameters
are, therefore, unlikely to affect SN nucleosynthesis (see Dasgupta & Dighe 2008; Fogli et al. 2009a;
Dasgupta et al. 2010 for details). Concerning active-sterile oscillations, we assume the mixing only
of the electron neutrino flavor with a light sterile state for simplicity. Overall, we discuss a 2-flavor
scenario (2 active flavors, νe and νx) as well as a 3-flavor one (2 active+1 sterile flavors, νe, νx and νs).

If interpreted in terms of sterile neutrinos νs, the reactor antineutrino anomaly requires a mass dif-
ference in the eV range, and cosmological hot dark matter limits imply that the sterile state would
have to be heavier than the active flavors (Abazajian et al. 2012). We here adopt the following mass
splittings (Capozzi et al. 2013; Mention et al. 2011):

δm2
atm = −2.35 × 10−3 eV2 and δm2

s = 2.35 eV2 , (4.5)

5In Eq. (4.3), general relativistic redshift corrections, which depend on r, as well as a “flux factor” accounting for nonradial
neutrino momenta close to the neutrinosphere, are ignored.
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with δm2
atm being the squared mass difference between the neutrino mass eigenstates ν3 and the re-

maining two ν1,2 (Fogli et al. 2006) and δm2
s the squared mass difference between the neutrino mass

eigenstate ν4 and ν1, chosen to be representative of reactor-inspired values. We assume normal hier-
archy for the sterile mass-squared difference, namely δm2

s > 0 (i.e., the neutrino mass eigenstate ν4
is heavier than the other mass eigenstates associated to the active neutrino flavors) and inverted mass
hierarchy for the atmospheric difference, δm2

atm < 0 (meaning that the neutrino mass eigenstate ν3 is
lighter than ν1,2, see Fogli et al. 2006). Note that current global fits of short-baseline neutrino experi-
ments estimate 0.82 ≤ δm2

s ≤ 2.19 eV2 at 3σ of confidence level (Giunti et al. 2013), which is lower
than our adopted reference value (Mention et al. 2011). Our conservative choice favors a comparison
with previous results discussed in Tamborra et al. (2012b) besides not qualitatively changing our con-
clusions. We choose to scan only the inverted hierarchy scenario in the active sector (i.e., δm2

atm < 0),
since this is the case where the largest impact due to collective flavor oscillations on nucleosynthesis
is expected (Hannestad et al. 2006; Fogli et al. 2007, 2008; Dasgupta et al. 2010). The associated
“high” (H) and “sterile” (S) vacuum oscillation frequencies are then

ωH =
δm2

atm

2E
and ωS =

δm2
s

2E
, (4.6)

with E being the neutrino energy. For the mixing angles we use (Capozzi et al. 2013; Mention et al.
2011)

sin2 2θ14 = 10−1 and sin2 θ13 = 2 × 10−2 . (4.7)

We treat neutrino oscillations in terms of matrices of neutrino densities ρE for each energy mode
E. The diagonal elements of the density matrices are related to the neutrino densities, while the off-
diagonal ones encode phase information. The radial flavor evolution of the neutrino flux is given by
the “Schrödinger equations,”

i∂rρE = [HE , ρE] and i∂rρ̄E = [H̄E , ρ̄E] , (4.8)

where an overbar refers to antineutrinos and sans-serif letters denote 3×3 matrices in the (νe, νx, νs)
flavor space. The initial conditions for the density matrices are ρE = diag(nνe , nνx , 0) and ρ̄E =

diag(nν̄e , nν̄x , 0), i.e., we assume that sterile neutrinos are generated by flavor oscillations. The Hamil-
tonian matrix consists of the vacuum, matter and neutrino self-interaction terms:

HE = Hvac
E + Hm

E + Hνν
E . (4.9)

In the flavor basis, the vacuum term,

Hvac
E = U diag

(
−
ωH

2
,+
ωH

2
, ωS

)
U† , (4.10)

is a function of the mass-squared differences (with U being the unitary matrix transforming between
the mass and the interaction basis) and of the mixing angles. The matter term spanned by (νe, νx, νs)
is in the flavor basis

Hm =
√

2GF diag(Ne −
Nn

2
,−

Nn

2
, 0) , (4.11)

with Ne the net electron number density and Nn the neutron density. Using Eq. (1), the matter term
becomes

Hm =
√

2GFNb diag
(
3
2

Ye −
1
2
,

1
2

Ye −
1
2
, 0

)
, (4.12)
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being Nb the baryon density. Note that the matter potential can be positive or negative and for Ye > 1/3
(Ye < 1/3) a νe-νs (ν̄e-ν̄s) MSW resonance can occur (Mikheyev & Smirnov 1985; Nunokawa et al.
1997; McLaughlin et al. 1999; Fetter 2000). Because of Eq. (4.12), neutrinos feel a different matter
potential as Ye changes and, at the same time, Ye is affected by neutrino oscillations via Eq. (3.4).

The Hνν term describes ν-ν interactions and vanishes for all elements involving sterile neutrinos (Sigl
& Raffelt 1993), i.e. Hνν

es = Hνν
xs = Hνν

ss = 0 (i.e., the only non-vanishing off-diagonal element of
the 3×3 matrix is Hνν

ex). In the treatment of ν-ν interactions, we assume the so-called “single-angle
approximation” for the sake of simplicity, i.e. we assume that all neutrinos feel the same average
neutrino-neutrino refractive effect (Duan et al. 2006; Fogli et al. 2007; Duan et al. 2010). We will
discuss in the following the limits of such approximation.

In what follows, we explore the impact of active-active and active-sterile neutrino conversions on the
nucleosynthesis conditions and nucleosynthetic yields for the 7 representative trajectories correspond-
ing to postbounce times t0. We distinguish two scenarios:

1. “Active” case, referring to neutrino oscillations in the active sector (2 active states).

2. “Sterile” case, meaning neutrino oscillations in the active and sterile sectors (2 active states + 1
sterile state).

The coupled equations of the neutrino flavor evolution (Eqs. 4.8) were discretized in the energy range
1–60 MeV and solved by numerical integration together with Eq. (3.4) at each selected t0 6. The
initial conditions for the electron fraction and the neutrino spectral properties were assumed as given
in Table 4.1.

4.5 Neutrino oscillations in the neutrino-driven wind and feedback
on the electron fraction

In this section, we discuss the neutrino flavor oscillation physics during the neutrino-driven wind
phase and the oscillation feedback on Ye for scenarios 1 and 2 (see Sect. 4.4). After qualitatively de-
scribing the oscillation phenomenology, we will discuss in detail how the neutrino fluxes are affected
by flavor oscillations at three representative times t0 = 0.5, 2.9 and 6.5 s, representing the early, in-
termediate and late cooling phases, respectively. We will focus on the impact of flavor oscillations on
Ye, neglecting the α-effect for sake of simplicity (i.e., Xα is assumed to be as in case (ii) in Sect. 4.2);
The role of the α-effect on the electron fraction and its interplay with neutrino oscillations will be
described in Sect. 4.6.

4.5.1 Neutrino oscillation phenomenology

In the presence of only active neutrinos, the MSW resonance due to the atmospheric mass differ-
ence occurs at radii much larger than the ones considered here (r . 3× 107 cm), where Ye has already

6Note that, for simplicity, in our computations we consider the effects of energy-dependent features of the oscillated
neutrino spectra on the Ye evolution in an integral sense by adopting neutrino spectral quantities averaged over energy
in Eqs. (3.7, 3.8).
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Figure 4.3 Left: Electron neutrino and antineutrino luminosities (Lνe and Lν̄e) in units of 1051 erg/s
(upper panel) and mean energies (Eνe and Eν̄e , lower panel) as functions of distance (r) from the
center of the PNS at t0 = 0.5 s postbounce. (The solid red lines are computed as running averages
over ∆r ' 3.5 · 105 cm.) In the “active” case the luminosities and mean energies of both νe and ν̄e

are constant for r ≥ Rν, which implies that the “active” case does not show any significant variations
compared to the case without ν oscillations for the studied ECSN progenitor. In the “sterile” case,
the inner active-sterile MSW resonance occurs for ν and ν̄ at r ' 4 × 106 cm. Visible modifications
of the neutrino spectral properties due to neutrino self-interactions occur at 6 × 106 cm, while the
outer MSW resonance occurs at about 1.4 × 107 cm. Right: Electron fraction Ye and α mass fraction
Xα as functions of distance r from the center of the PNS at t0 = 0.5 s. In the “active” scenario
neutrino oscillations negligibly affect Ye (the same as in the no oscillations case which is not shown
here). The solid lines (“incl. α-effect” cases) refer to Ye obtained when full network calculations are
performed (the corresponding Xα is also shown with the solid blue line), while the dashed Ye lines
refer to calculations corresponding to case (ii) in Sect. 4.2 (the corresponding Xα is also shown by a
dashed blue line). The vertical line shows the neutrinosphere radius Rν.

reached its asymptotic value, and therefore the electron fraction is not affected. Because of ν-ν interac-
tions, multiple spectral splits should occur in inverted hierarchy for the initial conditions of neutrinos
and antineutrinos of the studied ECSN (i.e., Lνe,ν̄e/〈Eνe,ν̄e〉 − Lνx/〈Eνx〉 < 0, Fogli et al. 2009b). How-
ever, since the νe and ν̄e luminosities and mean energies are very similar to those of the heavy-lepton
neutrinos, as shown in Table 1, and because of the total lepton-number conservation, we do not expect
any appreciable variations in the oscillated luminosities and mean energies (see Fogli et al. 2009b for
an extended discussion).

In the sterile scenario, while active neutrinos propagate away from the SN core, they interact with
the matter background and convert to sterile states through MSW resonances in two different spa-
tial regions (see also Appendix A). Close to the neutrinosphere, due to the steep growth of Ye, and
therefore of the matter potential via Eq. (4.12), the inner active-sterile MSW resonance occurs for
both neutrinos and antineutrinos at about the same radius (rIR). At larger radii (located closer to the
neutrinosphere as the postbounce time increases), an outer active-sterile MSW resonance occurs and
it mainly affects neutrinos.

Any modification of the neutrino energy spectra due to oscillations will affect the electron fraction via
Eqs. (3.4), (3.5) and (3.6).
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Figure 4.4 Same as Fig. 4.3, but at t0 = 2.9 s. In the “sterile” case, the inner active-sterile MSW
resonance occurs for ν and ν̄ at r ' 2 × 106 cm triggering neutrino self-interactions. The outer MSW
resonance occurs at about 5 × 106 cm. (The solid red lines are computed as running averages over
∆r ' 2.9 · 105 cm.)

At early postbounce times, the matter potential felt by neutrinos close to rIR is slightly less steep than
the one felt by antineutrinos (see Appendix A and left panel of Fig. 4.6), therefore the adiabaticity
of the ν̄ conversions is slightly decreased and the one of ν slightly increased with a net conversion
probability for neutrinos a bit larger than for antineutrinos, as pointed out by Nunokawa et al. (1997).
This is particularly evident during the accretion phase as discussed in Wu et al. (2014) and, for our
purposes, during the early-cooling phase (t0 = 0.5, 1 s), where the difference in the conversion prob-
abilities of νe and ν̄e is responsible for a plateau in the Ye profile close to rIR (Wu et al. 2014). As
the postbounce time increases, the matter potential felt by neutrinos close to rIR becomes steeper (see
Fig. 4.6, left panel), and therefore the νe → νs and ν̄e → ν̄s resonant conversions are expected to have
more or less the same degree of adiabaticity, with a resultant small feedback effect on Ye (assuming
that further flavor conversions due to ν-ν interactions are negligible).

The outer active-sterile MSW resonance is generally more adiabatic than the inner one: It occurs
where the matter potential is shallow and the effective mixing angle is larger. Therefore, νe are abun-
dantly converted to νs, lowering the wind Ye (via Eqs. 3.4, 3.5, and 3.6).

Besides neutrino interactions with matter, neutrino self-interactions affect the neutrino oscillated
fluxes, and therefore Ye (see Appendix A for more details). As discussed in Tamborra et al. (2012b),
νe ↔ νx conversions, due to neutrino-neutrino interactions, partially repopulate the electron sector
depleted by νe → νs MSW conversions. The net effect is that ν-ν interactions favor the repopulation
of the νe sector (because of νx-νe conversions) and partially counterbalance the effect of νe-νs MSW
resonances on the electron fraction. The role played by neutrino self-interactions becomes more and
more evident as the time t0 increases, since the matter background is lower.

4.5.2 Results: Neutrino oscillation and feedback on the electron fraction

In order to quantitatively describe the impact of oscillations on the Ye evolution as t0 increases, we
select three representative postbounce times, t0 = 0.5 s, 2.9 s, and 6.5 s, and discuss the oscillation
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Figure 4.5 Left: Same as Fig. 4.3, but at t0 = 6.5 s. In the “sterile” case the inner MSW resonance
occurs for ν and ν̄ at r ' 1.8 × 106 cm, triggering collective oscillations. The outer νe-νs MSW takes
place at r ' 2.5 × 106 cm. (The red lines display running averages over ∆r ' 2.1 · 105 cm.)

phenomenology in the active and sterile cases.

Figure 4.3 (left panel) shows the luminosities and mean energies for νe and ν̄e as functions of radius
in the active and sterile cases at t0 = 0.5 s. As expected, in the active case, neutrino oscillations do not
visibly modify the mean energies and the luminosities in the radial regime where Ye is still evolving
(i.e., r . 2×107 cm). To demonstrate the effect of neutrino oscillations on Ye, we plot Ye as a function
of the radius at t0 = 0.5 s in Fig. 4.3 (right panel); In the active case, the Ye evolution does not differ
from the case without neutrino oscillations. In the sterile case, instead, the inner active-sterile MSW
resonance occurs at rIR ' 4 × 106 cm and it is responsible for a νe → νs conversion probability larger
than the ν̄e → ν̄s one, as expected (Fig. 4.3, left panel). Such active-sterile flavor conversion modifies
the νe and ν̄e energy spectra, introducing non-zero off-diagonal terms in the neutrino density matrices.
Neutrino self-interactions are therefore triggered at about 6 × 106 cm. The outer active-sterile MSW
resonance occurs at rOR ' 1.4 × 107 cm, converting νe to νs. The corresponding electron fraction
(Fig. 4.3, right panel) remains lower than in the active case due to active-sterile flavor conversions.

Figure 4.4, analogously to Fig. 4.3, shows the luminosities and mean energies for νe and ν̄e as functions
of radius at t0 = 2.9 s (left panel) and the corresponding electron fraction (right panel). In the active
case, neutrino oscillations do not visibly modify the neutrino spectral properties in the radial regime
where Ye is still evolving, as already discussed at t0 = 0.5 s. In the sterile case, the inner active-sterile
MSW resonance occurs at rIR ' 2×106 cm. As discussed in Appendix A, the instability induced by the
inner MSW resonance and the fact that the matter potential is lower than at earlier postbounce times
trigger neutrino self-interactions converting slightly more ν̄e than νe, contrarily to what is expected.
The outer active-sterile MSW resonance occurs at about rOR ' 5 × 106 cm converting a large number
of νe to νs. Correspondingly, the Ye profile (Fig. 4.4, right panel) is higher than the active one close
to the neutrinosphere (because more ν̄e are converted to sterile states than νe). The depletion of the
νe flux due to the outer MSW resonance is responsible for lowering the electron fraction below the
active one (compare the black dashed line to the red dashed line).

Figure 4.5 shows the radial evolution of the νe and ν̄e spectral properties and the corresponding Ye

profile at t0 = 6.5 s. In this case as well, active neutrino oscillations do not change the values of the
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luminosities and mean energies, and therefore Ye does not change compared to the case without oscil-
lations. In the sterile case, instead, the inner MSW resonance already occurs at r ' 1.8 × 106 cm for
ν and ν̄, triggering at the same time neutrino collective oscillations, while the outer MSW resonance
takes place at rOR ' 2.5 × 106 cm, (see Appendix A for more details). The MSW resonances together
with ν-ν interactions significantly reduce the νe number flux (i.e. Lνe/〈Eνe〉) compared to the ν̄e num-
ber flux. This means that a more neutron-rich environment (i.e., a lower Ye) is favored compared to
the active case (see Fig. 4.5, right panel).

4.6 Interplay of neutrino oscillations and α-effect on the electron
fraction

In this section, we discuss the evolution of Ye as a function of radius at our selected postbounce times
(t0 = 0.5 s, 1 s, 2 s, 2.9 s, 4.5 s, 6.5 s, and 7.5 s), for the scenarios 1 and 2 described in Sect. 4.4,
and with the two different assumptions made in Sect. 4.2 about the evolution of the mass fraction of α
particles. These assumptions allow us to disentangle between the role played by neutrino oscillations
and α-effect in determining Ye.

The evolution of the electron fraction is not just influenced by the νe and ν̄e properties, which are
affected by neutrino oscillations, as discussed in the previous section, but also by the presence of α
particles (see Eqs. 3.4). Therefore, the whole Ye evolution is a complicated interplay between neutrino
oscillations and α-effect associated with the formation of α particles and the outcome depends on the
location of the region of active-sterile conversions relative to that of α particle formation. For this
reason, we choose to analyze the evolution of Ye in detail at three representative postbounce times,
t0 = 0.5 s, 2.9 s, and 6.5 s.

In Fig. 4.3 (right), we show the evolution of Ye at t0 = 0.5 s, in the active and sterile cases and with
(“incl. α-effect” case) or without the inclusion of α-effect. In this case, the formation of α particles
doesn’t play any significant role in determining Ye, because the formation of α particles (solid blue
line) occurs when Ye has almost reached its asymptotic value (compare the solid and dashed lines).
At intermediate and late postbounce times, the results of simulations with and without α particle for-
mation from free nucleons have to be distinguished, because the α-effect associated with the presence
of large abundances of α particles has severe consequences for the Ye evolution. In Fig. 4.4 (right),
we show the evolution of Ye at t0 = 2.9 s, analogously to Fig. 4.3 (right). In this case, the formation
of α particles occurs when Ye is still evolving and it overlaps with the region where the outer MSW
resonance, which converts νe to νs, takes place (see Fig. 4.4, left).

The results with α-effect (solid red and black lines in Fig. 4.4, right) show a counterintuitive behavior.
While for active flavor oscillations the α-effect drives Ye closer to 0.5 in the usual way (compare the
black dashed and solid lines in Fig. 4.4, right), the sterile neutrino case exhibits the opposite behavior:
In the presence of a higher abundance of α-particles, i.e. despite the α-effect, Ye remains higher and
the evolution towards Ye = 0.5 is clearly damped (red solid line in comparison to red dashed line). The
formation of a larger abundance of α particles thus obviously reduces the influence of the active-sterile
νe-νs conversions on Ye. This astonishing result is a consequence of the fact that the conversion to
sterile neutrinos occurs slightly outside (or overlaps with) the region where the rapid recombination of
neutrons and protons to α particles takes place. In such a situation the influence of the νe-νs conversion
on the Ye evolution is diminished by the lower number fractions of free neutrons and protons, which
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Figure 4.6 Left: Electron fraction (Ye) as a function of distance r from the center of the PNS for all
considered postbounce times (t0), and in the active and sterile cases. The α-effect is included in all
cases (“incl. α-effect”). Because of the near equality of the neutrino luminosities and mean energies of
neutrinos of all flavors, Ye in the active cases does not appreciably differ from the one obtained without
neutrino oscillations. Right: Asymptotic electron fractions (Ye) as functions of postbounce time (t0)
in the active and sterile as well as no oscillations cases. The dashed lines refer to Ye calculated without
the α-effect, while the solid lines refer to Ye calculated with the full network. The α-effect is stronger
especially at late times (t0 = 6.5 and 7.5 s) when the neutron star is more compact and the neutrino
luminosities are lower. The values in the cases without oscillations coincide with those in the active
cases and cannot be distinguished.

lead to a lower rate of change of Ye according to Eq. (3.4). Instead of undergoing reactions with νe

or ν̄e, the majority of free nucleons react to form α particles as we wind expands away from the νe-νs

conversion radius.

The influence of α particle formation manifests itself differently in the late wind evolution, where νe

conversions to sterile neutrinos take place closer to the neutrinosphere and, in particular, at a radius
which is smaller than the one at which nucleon recombination begins to raise the α abundance.

In Fig. 4.5 (right), we display the evolution of the electron fraction Ye at t0 = 6.5 s, in the active and
sterile cases, in analogy to Fig. 4.4 (right).

In the sterile case, Ye is lower than in the active case already very close to the neutrinosphere where
the matter is still in NSE (and thus no α particles are present). The dashed lines are again calculated
without the α−effect, while the solid lines include the α-effect.

When the α−effect is included, the value of Ye is, as expected, pushed towards 0.5 in both active
(black solid line) and sterile cases (red solid line). We notice that at t0 = 6.5 s, differently from
t0 = 2.9 s, neutrino oscillations, in particular both the inner and outer MSW resonances, take place
before α particles start forming, and therefore they make the environment significantly less proton-rich
(Ye is lowered) before the α−effect takes place and decreases Ye even further towards more symmetric
conditions (Ye = 0.5) in the usual way.

Figure 4.6 gives an overview of the interplay between neutrino oscillations and α-effect by showing
the evolution of the electron fraction Ye at all considered postbounce times t0. Figure 4.6 (left) shows
Ye as a function of the distance r from the center of the PNS at different postbounce times t0 in both
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Figure 4.7 Left: Isotopic mass fractions in the active and sterile cases relative to those in the case
without oscillations versus mass number A for all representative 7 trajectories. Right: Nucleosynthetic
abundances in the active and sterile cases relative to those without oscillations for all the representative
7 trajectories. Since in our model active flavor oscillations do not change the neutrino properties
and the wind Ye at any significant level up to the radius of interest, the nucleosynthesis results are
essentially identical for all the cases with active oscillations and no neutrino oscillations.

the active and sterile cases and including the α-effect.

In Fig. 4.6 (right) the asymptotic Ye values (namely, Ye at r ' 3 × 107 cm) are plotted as functions
of the postbounce time for each of the considered scenarios (active, sterile and no oscillations cases).
Note that the values in the active case cannot be distinguished from those in the no oscillations case,
suggesting essentially negligible roles of the active-active oscillations on the evolution of Ye (see
discussion in Sect. 4.5).

Furthermore, in the active case, Ye is systematically pushed towards 0.5 by α-effect, as we can see by
comparing the black dashed line with the black solid one (“incl. α-effect” cases). In the sterile case
(red solid line), neutrino oscillations combined with the α-effect lead to Ye being lower than in the
active case (black solid line) at early postbounce times (t0 = 0.5 s), higher than in the active case at
intermediate postbounce times (t0 = 1 s, 2 s, and 2.9 s) and again lower than in the active case at late
postbounce times (t0 = 6.5 s, and 7.5 s).

In particular, at late times, Ye in the sterile case and including the α-effect becomes lower than Ye in
the active case and lower than Ye in the case without full α recombination, because both MSW νe-νs

conversions happens so close to the neutrinosphere that the α particle formation at larger radii fur-
ther enhances the Ye-reduction associated with the presence of sterile neutrinos, although Ye remains
always higher than 0.5.

Therefore, the α-effect plays an important role in lowering Ye especially at late times (t0 = 6.5 s
and 7.5 s). This is due to the higher entropy and the longer expansion timescale as a result of the
more compact PNS with the lower neutrino luminosities, resulting in a delay of the α recombination
relative to both the MSW νe-νs conversions and to a longer duration of the α-effect (see also next
section for more details). However, although the α-effect has a strong impact on Ye and therefore on
the element production, it plays only a sub-leading role for the neutrino oscillations and no detectable
modifications are expected for the neutrino fluxes at the Earth (plots not shown here).

Because of the leading role of the α-effect relative to oscillations on Ye, especially at late times (see
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Figure 4.8 Left: Electron neutrino and antineutrino luminosities (Lνe and Lν̄e in units of 1051 erg/s,
upper panel) for toy model 1 (see Table 4.2 and text for details) as functions of distance r from the
center of the PNS, at t0 = 2.9 s, in the active and sterile cases. Lower panel: Similar to the upper panel,
but for the mean energies 〈Eνe〉 and 〈Eν̄e〉. (The red lines are running averages over ∆r ' 1.98 · 105

cm.) Right: Electron fraction Ye as function of distance r from the center of the PNS for our toy
model at t0 = 2.9 s (see text for details) in the case without neutrino oscillations and setting Xα = 0
(“no oscill. (Xα = 0)” case, dashed black line), in the case with flavor conversions of active neutrinos
(solid black line), and in the case of active-sterile conversions (solid red line). Both of the last two
cases were computed with α particle recombination. Neutrino oscillations, jointly with the α-effect,
drive Ye towards 0.5, disfavoring the r-process.

Fig. 4.6, where Ye in the active and sterile cases including α-effect is fairly similar), we expect that
the nucleosynthesis yields in the presence of oscillations are not significantly different from the cases
where oscillations are not considered (see Sect. 4.3). This can be seen in Fig. 4.7, where we show
the nucleosynthesis yields obtained for the 7 representative trajectories in the active and sterile cases
relative to those without neutrino oscillations. In Fig. 4.7 (left) we notice that most of the isotopic
mass fraction ratios in the sterile case relative to the no oscillation case are lower than 2, with the
exception of some isotopes (with A < 60) which have enhanced production factors.

The most abundantly produced isotope in the relative comparison is 49Ti (X
49Ti
sterile/X

49Ti
no−oscill. ' 3.57 ·

103). This overproduction of the 49Ti isotope in the sterile case compared to the case without oscilla-
tions, however, is still too small to have any significant impact on the production factor of this isotope
(see Fig. 4.2, right). From Fig. 4.7, it is also clear that in the sterile case, there is less production of
heavy elements (e.g. A ≥ 70) than in the case without oscillations.

For all the reasons above, from Figs. 4.6 and 4.7 one can conclude that neither active neutrino oscil-
lations nor a fourth sterile neutrino family can alter the nucleosynthesis-relevant conditions, nor can
they create a neutron-rich site (Ye < 0.5) to activate the r-process in the adopted ECSN model (without
nucleon potential corrections; see Sect. 4.7).

4.7 Neutrino oscillations in a neutron-rich wind

In the previous sections, we considered the neutrino emission properties in the proton-rich environ-
ment obtained in the ECSN model of Hüdepohl et al. (2010). As mentioned in Sect. 4.1, however, re-
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Table 4.2. Toy model parameters emulating mean-field nucleon potential corrections on the
neutrino opacitiesa.

Toy t0b Lνe
c Lν̄e

d Lνx
e Lνe/〈Eνe 〉

f Lν̄e/〈Eν̄e 〉
g Lνx/〈Eνx 〉

h 〈Eνe 〉
i 〈Eν̄e 〉

j 〈Eνx 〉
k Ye,a

l YXα=0
e,a

m Yact
e,a

n Yste
e,a

o

mod. [s] [B/s]p [B/s] [B/s] [B/s] [B/s] [B/s] [MeV] [MeV] [MeV]

T1 2.9 3.30 3.40 3.70 3.268 1.099 1.471 6.3 19.3 15.7 0.422 0.403 0.422 0.430
T1 6.5 1.00 0.99 1.04 1.248 0.325 0.549 5.0 19.0 11.8 0.428 0.368 0.428 0.510

T2 2.9 1.670 2.899 3.70 1.303 1.302 1.471 8.0 13.9 15.7 0.420 0.405 0.421 0.440
T2 6.5 0.645 1.165 1.04 0.499 0.518 0.549 8.0 14.0 11.8 0.431 0.380 0.431 0.486

T3 2.9 3.30 3.40 3.70 3.268 1.099 1.196 6.3 19.3 19.3 0.422 0.403 0.422 0.407
T3 6.5 1.00 0.99 1.04 1.248 0.325 0.342 5.0 19.0 19.0 0.428 0.368 0.428 0.465

aIn the first two cases (T1), we keep the neutrinospheric luminosities of νe and ν̄e as given by the hydrodynamical simulation, and do not change the
luminosity and mean energy of νx (see Table 4.1). In the third and fourth cases (T2), we keep the neutrinospheric number fluxes of νe and ν̄e as given by the
hydrodynamical simulation, and do not change the corresponding values of νx. In the last two cases (T3), we keep the neutrinospheric luminosities of νe, ν̄e
and νx as given by the hydrodynamical simulation, and assume the same neutrinospheric mean energies for ν̄e and νx. Notice that in all cases we mark in
boldface the unchanged hydrodynamical neutrinospheric parameters of νe, ν̄e and νx.

bPostbounce time.
c,d,eNeutrinospheric luminosities of νe, ν̄e and νx, respectively.
f,g,hNeutrinospheric number fluxes of νe, ν̄e and νx, respectively.
i, j,kNeutrinospheric mean energies of νe, ν̄e and νx, respectively.
lAsymptotic wind electron fraction taking into account the α-effect.
mAsymptotic wind electron fraction without taking into account the α-effect (Xα = 0).
nAsymptotic wind electron fraction taking into account neutrino oscillations in the active sector and α-effect.
oAsymptotic wind electron fraction taking into account neutrino oscillations in the active and sterile sectors as well as α-effect.

p1 Bethe = 1 B = 1051 erg.

cent work suggests that these conditions might be valid only in the early (tpb . 1 s) and late (tpb & 3 s)
wind phases. Including mean-field nucleon potential corrections for charged-current neutrino opaci-
ties in the dense medium of the proto-neutron star (Reddy et al. 1998) can cause Ye of the wind material
to become neutron-rich (possibly down to Ye ' 0.42–0.45, see e.g. Roberts 2012; Martı́nez-Pinedo
et al. 2012; Roberts et al. 2012) during an intermediate evolution period, although the result is sensi-
tively dependent on the employed nuclear equation of state. To explore the role of neutrino oscillations
in such a neutron-rich environment, we construct three toy models to emulate mean-field corrections
of the neutrino opacities in their effect on lowering 〈Eνe〉 and increasing 〈Eνe〉. Each toy model case
will be discussed for an intermediate postbounce time (t0 = 2.9 s) and a late one (t0 = 6.5 s).

4.7.1 Toy model inputs

In all toy models, we artificially prescribe the νe and ν̄e spectra by fixing the shape factors7: ανe =

αν̄e = 4; The neutrino spectral properties not mentioned in the following are assumed as in Table 1.

In the first toy model (T1), we choose 〈Eνe〉 and 〈Eνe〉 in order to obtain an asymptotic electron fraction

7We assume the shape factors of a moderately degenerate Fermi-Dirac distribution, for which 〈E2
ν〉/〈Eν〉

2
' 1.2 (Horowitz

& Li 1999).
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Figure 4.9 Same as Fig. 4.8, but for toy model 1 at t0 = 6.5 s (see text for details). (The red lines here
are running averages over ∆r ' 1.1 · 105 cm.)

8 including the α-effect (Ye,a), or neglecting it (YXα=0
e,a ), lower than 0.5 (see T1 in Table 4.2). We then

adopt the neutrino energy spectra and the electron fraction constructed in this way as initial conditions
to study the neutrino flavor evolution and its impact on the wind Ye. The νx and ν̄x spectral properties
are unchanged (see Tab. 4.1).

Luminosities and mean energies simultaneously affect Ye. In order to prove the robustness of the T1
results, we consider another test case (toy model 2, T2), keeping the neutrinospheric number fluxes of
νe and ν̄e (i.e., the Lν/〈Eν〉 ratios) fixed as from the hydrodynamic simulation (Hüdepohl et al. 2010)
and varying both the luminosities and mean energies of νe and ν̄e in order to reproduce a neutron-rich
environment in the absence of oscillations. The new initial conditions are reported in Table 4.2 (case
T2). The third toy model (T3) is similar to T1, except that we assume 〈Eνx〉 = 〈Eν̄e〉 while leaving Lνx

and ανx as in Table 4.1, in order to recover the usual hierarchy among the different neutrino flavors.

4.7.2 Neutrino oscillations

Figures 4.8 and 4.9 (left panels) show the luminosities and mean energies of νe and ν̄e in the active
and sterile cases as functions of radius for toy model 1.

In the active case, the initial conditions for neutrinos are different from the ones discussed in Sect. 4.5
at the same t0 (i.e., here we have Lνe/〈Eνe〉 − Lνx/〈Eνx〉 > 0). Moreover, the new spectral parameters
also prescribe larger differences between the νe (ν̄e) and νx spectra and spectral crossings which are
different from the previous cases. Bipolar oscillations due to ν-ν interactions (Fogli et al. 2008, 2009b)
are then triggered at r ' 2.2 × 107 cm at t0 = 2.9 s and r ' 1.35 × 107 cm at t0 = 6.5 s. The neutrino
and antineutrino luminosities and mean energies are correspondingly modified, as shown in Figs. 4.8
and 4.9 (left panels).

In the sterile case, at t0 = 2.9 s (see left panel of Fig. 4.8), the inner active-sterile MSW resonance
converts both νe and ν̄e to sterile states. As expected, νe’s are converted slightly more abundantly
to sterile states than ν̄e’s. Soon after, the ratio Lνe/〈Eνe〉 increases, and the outer active-sterile MSW

8Note that Roberts et al. (2012) employed the approximate formula Ye ' 1/(1 + λν̄e/λνe ) of Qian & Fuller (1995) for
estimating the electron fraction in the wind. This formula does not account for the α-effect on Ye.
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Figure 4.10 Same as Fig. 4.8, but for toy model 3 (see text for details). (The red lines here are running
averages over ∆r ' 4.5 · 105 cm.)

resonance occurs together with neutrino self-interactions. Note that due to the feedback effect on
Ye and due to the initially lower value of Ye compared to the corresponding standard case, the outer
MSW resonance is more adiabatic and it is expected to occur at smaller radii (rOR ' 4 · 106 cm) than
in the standard case. Moreover, due to the hierarchy of the active neutrino fluxes and due to the lower
matter potential, neutrino self-interactions mix νe and ν̄e with the heavy lepton flavors, increasing the
νe survival probability, differently from what is shown in Fig. 4.4.

In the sterile case, at t0 = 6.5 s (see left panel of Fig. 4.9), the inner MSW resonance is visible as
a small drop of Lνe/〈Eνe〉 (and even smaller for the ν̄e) at rIR ' 2 · 106 cm. Slightly farther outside,
at rOR ' 2.5 · 106 cm, the outer MSW resonance occurs (similarly to the standard case). Sterile
neutrinos and antineutrinos are both abundantly produced through flavor conversions due to an inter-
play between the outer MSW resonance and collective oscillations, before α particles start forming at
r ' 3 · 106 cm. As a consequence, both νe and ν̄e fluxes decrease, causing an increase of Ye above 0.5
before the onset of the α-effect. Toy model 2 is very similar to toy model 1 concerning the oscillation
phenomenology, therefore we do not show our results here and only report the corresponding neutrino
emission properties and the asymptotic Ye values in Table 4.1.

Toy model 3 is shown in Figs. 4.10 and 4.11. In this case, the active flavors show a hierarchy of the
mean energies more similar to the one reported in Table 4.1, although we have Lνe/〈Eνe〉−Lνx/〈Eνx〉 >

0, similar to toy model T1. Therefore, in the active case, bipolar oscillations occur at r > 3 × 107 cm
at t0 = 2.9 s , while they start at r ' 2.4 × 107 cm at t0 = 6.5 s. In the sterile case, the inner resonance
is visible at rIR ' 2 × 106 cm at t0 = 2.9 s. Soon afterwards ν-ν interactions are triggered and the
νe survival probability starts to increase already before the region where the outer MSW resonance is
expected to take place (rOR ' 4 × 106 cm). In the sterile case, at t0 = 6.5 s, the regions of the inner
and outer MSW resonances almost overlap with each other, similarly to the standard case (Fig. 4.5).
This is responsible for an overall drop of Lνe/〈Eνe〉 and Lν̄e/〈Eν̄e〉.

4.7.3 Feedback on the electron fraction

In this section, we discuss the evolution of the electron fraction for toy models T1, T2, and T3 con-
sidered in the previous section in order to disentangle between the impact of neutrino oscillations and



64 4. Impact of Neutrino Flavor Oscillations on Neutrino-Driven Wind Nucleosynthesis

0.5

1

1.5

2

L
 [

1
0

5
1
 e

rg
/s

]

ν
e
 active

ν
e
 active

ν
e
 sterile

ν
e
 sterile

0 1e+07 2e+07 3e+07
r [cm]

5

10

15

20

<
E

>
 [

M
eV

]

toy model T3, t
0
=6.5 s

R
ν

0 1e+07 2e+07 3e+07
r [cm]

0.35

0.4

0.45

0.5

Y
e

no oscill. (X
α
=0)

active (incl. α-affect)
sterile (incl. α-effect)

toy model T3, t
0
=6.5 s

R
ν

Figure 4.11 Same as Fig. 4.9, but for toy model 3 (see text for details). (The red lines here are running
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α-effect on Ye in a neutron-rich neutrino-driven wind environment.

In Figs. 4.8 and 4.9 (right panels), we show the evolution of Ye, at intermediate (t0 = 2.9 s) and late
(t0 = 6.5 s) evolution phases of the neutrino-driven wind in the T1 model (see Table 4.2). The dashed
lines refer to Ye in the case where neither neutrino oscillations nor α-effect are taken into account,
while the solid lines display Ye radial evolutions, including the α-effect in the active (solid black lines)
and sterile (solid red lines) cases. Since active oscillations take place at r > 1.2×107 cm in both cases
(i.e., after Ye has reached its asymptotic value), the difference between Yact

e,a and YXα=0
e,a is just caused

by α-effect (see Table 4.2), which pushes Ye towards 0.5 as expected. Also for these toy models, the
impact of the α-effect on Ye is larger at late times, for the reasons we already discussed in Sect. 4.6.

In the sterile case, neutrino oscillations raise the asymptotic value of the electron fraction compared to
the active case, therefore the matter becomes more proton-rich compared to the case where oscillations
are not considered or where they occur in the active sector only.

In particular, at t0 = 2.9 s, the inner and outer MSW resonances in the sterile case cause Ye to be
lower than in the active case, already before α particles start forming. Then, the ν-ν interactions,
which repopulate the νe sector, drive Ye towards 0.5 and even above the value of Ye in the active
case, even without the α-effect, which remove free nucleons and thus moderate the impact of neutrino
oscillations on Ye, as discussed in detail in Sect. 4.6.

At t0 = 6.5 s, neutrino oscillations occur very close to the neutrinosphere and push Ye in the sterile
case to a much higher value (> 0.5) than in the active case, already before α particles start forming at
r ∼ 4.0× 106 cm. Therefore, the formation of α particles impacts the evolution of Ye in the usual way,
namely towards more symmetric conditions (Ye −→ 0.5).

In order to prove the robustness of our conclusions about the interplay between neutrino oscillations
and α-effect, we also calculate Ye for the toy models T2 and T3. We don’t show the evolution of Ye for
T2, because the discussion is very similar to T1, but we report the corresponding Ye results in Table
4.2.

In the T3 active case (see black solid lines in Figs. 4.10 and 4.11), the discussion about the impact of
α-effect and neutrino oscillations on the evolution of Ye at t0 = 2.9 s and t0 = 6.5 s is very similar to
what we already discussed in the T1 case.
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In the T3 sterile case, instead, at t0 = 2.9 s, we observe an interesting interplay between neutrino
oscillations and α-effect, because Ye in the sterile case (solid red line) is lower than in the active case
(solid black line), different from case T1 and T2 at t0 = 2.9 s. This is due to the fact that the MSW
resonances initially deplete the number flux of νe in favor of νs much more than in cases T1 and
T2, for the reasons discussed in the previous subsection. Therefore, Ye in the sterile case is already
much lower than in the active case, before α-particles start forming. In the following evolution,
different from cases T1 and T2, the α-effect damps the efficiency of ν-ν interactions in raising Ye,
which remains lower than in the active case. However, the difference between Ye in the active case
and in the sterile case is not sufficiently large to conclude that neutrino oscillations in the sterile case
make the environment significantly more neutron-rich than in the case without neutrino oscillations.

At t0 = 6.5 s, we basically observe the same trend as in the T1 and T2 cases, namely Ye in the sterile
case is higher than in the active case. The reasons are very similar to what was already discussed for
the T1 model.

In conclusion, neutrino oscillations (with or without sterile neutrinos) combined with the α-effect do
not support very neutron-rich conditions in the neutrino-driven wind for the considered SN model.
Therefore, conditions for a strong r-process in this SN progenitor are disfavored, because Ye tends to
be pushed close to 0.5 and thus the formation of a highly neutron-rich environment is prevented.

4.8 Discussion

In this work, we studied the nucleosynthesis outcome of an ECSN with 8.8 M�, by adopting the
SN model presented in Hüdepohl et al. (2010). The same SN simulation was adopted in Tamborra
et al. (2012b) to study the impact of neutrino oscillations on the electron fraction in the presence of
light sterile states. However, due to the complications induced by the numerical solution of a large
number of non-linear, coupled equations with three neutrino families and the oscillation feedback on
Ye, the inner MSW resonance was not included in Tamborra et al. (2012b), assuming that its impact
on the electron fraction was negligible during the neutrino-driven wind phase due to the steepness
of the matter potential in that region. It was found that neutrino conversions to a sterile flavor and
neutrino self-interactions influence the radial variation and time-dependent asymptotic value of Ye

in the neutrino-driven wind in complicated and time-dependent ways. These conclusions motivated
us to investigate in detail the effect of oscillations on a larger variety of wind conditions and on the
nucleosynthetic abundances. In this work, the neutrino evolution is followed from the neutrinosphere
outward. We also develop a more detailed treatment of the Ye evolution than in Tamborra et al.
(2012b), by accounting for the α-effect as well as recoil and weak magnetism corrections in the β
processes. We find that the inner active-sterile MSW resonance has a negligible impact on Ye during
the intermediate and late cooling phases, although it modifies the ν and ν̄ spectra. In particular,
as discussed in Appendix A, when ν-ν interactions are included, the flavor instability induced by
the active-sterile MSW resonance triggers neutrino self-interactions modifying the flavor evolution
history compared to the case where only interactions with the matter background are considered. On
the other hand, the inner MSW resonance induces non-negligible modifications of the electron fraction
during the accretion phase, as pointed out in Wu et al. (2014), and in the early proto-NS cooling phase;
It is responsible for the formation of a plateau in Ye that drives the asymptotic value of Ye towards
smaller values.
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The early cooling phase (i.e., at t0 = 0.5 s and 1 s) was also discussed in Wu et al. (2014) for the
same ECSN progenitor, but adopting the simulation of Fischer et al. (2010). With sterile neutrino
oscillations Wu et al. (2014) obtain a neutron-rich environment (Ya

e [0.5s] = 0.38) different from us
(Ya

e [0.5s] = 0.53, see Figs. 4.3 and 4.6). Such a discrepancy might be due to the different supernova
models adopted as inputs in Wu et al. (2014) (i.e., Fischer et al. 2010) and in our work (i.e., Hüdepohl
et al. 2010). In fact, the electron fraction without oscillations is Ye[0.5s] = 0.49 in Fig. 3 (red curve)
of Wu et al. (2014), while in our case it is Ye[0.5s] = 0.56 as shown in Fig. 4.3. Our work also
adopts an approach to study the electron fraction evolution different from the one employed in Wu
et al. (2014) (i.e., our Eq. 3.4 vs. Eq. 4 of Wu et al. 2014). The static approach of Wu et al. (2014)
carries “memory” of the large modifications of the neutrino fluxes and of the electron fraction due to
the inner MSW resonance at t < 0.5 s, while our sampling is sparse, because 90% of the ejecta of
the early cooling are combined into one trajectory ejected at 0.5 s. Even adopting a denser grid in
t0, our dynamic approach should not be accurate during the accretion phase where the steady-state
approximation is not applicable. Other differences on Ye might be due to a different treatment of the
neutrino oscillations. In Wu et al. (2014), a 1(active) + 1(sterile) approximation is adopted and ν-ν
interactions are neglected assuming that they are suppressed due to the high matter potential during
the accretion phase (Sarikas et al. 2012), while we include the νe-νx flavor mixing as well as neutrino
self-interactions in our computations.

Given the complex and nonlinear nature of neutrino self-interactions, all existing numerical stud-
ies with neutrino-neutrino refraction use simplifying assumptions. In our treatment of the neutrino
evolution, we averaged the angular dependence of ν-ν interactions (the so-called “single-angle ap-
proximation,” Duan et al. 2006). Because of the similarity between the νe and ν̄e fluxes and those
of the corresponding heavy-lepton neutrinos in our hydrodynamical simulations, and because of the
observed strength of the α-effect in pushing Ye close to 0.5, even a possible relevance of multi-angle
effects due to a small asymmetry among the neutrino fluxes of different flavors (Esteban-Pretel et al.
2007) is unlikely to play any important role for Ye. In the “sterile” case, the asymmetry between νe

and νx becomes even larger than in the active case due to the νs production, therefore we expect that
a full-multi-angle treatment would only induce a smearing of the neutrino fluxes (Fogli et al. 2007),
without a dramatic impact on Ye. If the matter potential is high enough, neutrino multi-angle effects
could also be responsible for a matter suppression of collective effects, and therefore produce results
which are different from the ones obtained within the “single-angle” approximation (Esteban-Pretel
et al. 2008). A multi-angle study was developed by Chakraborty et al. (2011) for one energy mode
and for the 8.8 M� progenitor presented in Fischer et al. (2010): A complete matter suppression of
the collective effects due to multi-angle matter effects was never achieved for this progenitor, because
of the low-density matter profile. We therefore suspect that also the triggering of the collective effects
induced by the inner MSW resonance instability should not be suppressed by a multi-angle treat-
ment of the neutrino flavor oscillations during the cooling phase. However, more accurate studies
including multi-angle effects are mandatory and should be conducted for a larger sample of supernova
progenitors and nuclear equations of state, especially because, according to the modeling presented
in Duan et al. (2011b), it was concluded that multi-angle effects among active flavors may affect the
nucleosynthetic outcome under certain conditions.

Concerning the nucleosynthesis outcome, in the case without sterile neutrino and neutrino oscillations,
all relevant results can be found in Fig. 3 of Wanajo et al. (2011): There are nucleosynthetic yields
for a 1D model (to be directly compared with Wu et al. 2014) and of a more realistic 2D model
as well. The 2D model yields major and important differences compared to the 1D case, as in all
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details discussed in Wanajo et al. (2011). The differences between the the 1D nucleosynthesis result
of Wanajo et al. (2011) and Wu et al. (2014) are most probably due to differences in the mass-versus-
Ye distribution, which are caused by the different neutrino interaction processes adopted in our models
and in that of Fischer et al. (2010). Since the mass-versus-Ye distribution is not provided in Wu et al.
(2014), a detailed comparison between our and their nucleosynthesis results is impossible.

4.9 Conclusions

We presented neutrino oscillations and nucleosynthesis calculations for the neutrino-cooling phase of
the proto-neutron star born in an 8.8 M� electron-capture supernova, using trajectories for the ν-driven
wind from 1D hydrodynamic simulations, in which a sophisticated treatment of neutrino transport was
applied (Hüdepohl et al. 2010). In particular, we studied the consequences of neutrino oscillations of
two active flavors driven by the atmospheric mass difference and θ13 and, motivated by hints on the
possible existence of light sterile neutrinos, we also discussed the role of flavor oscillations with 1
sterile + 2 active flavors. In our study neutrino-neutrino refraction effects were included, too. We
chose νe-νs mixing parameters as suggested by the reactor anomaly (Mention et al. 2011). However,
our conclusions remain valid also for moderate variations of the sterile mass-mixing parameters.

Our results demonstrate that the α-effect plays a crucial role in discussing the consequences of neutrino
oscillations on the Ye evolution in neutrino-driven winds. It can damp as well as enhance the Ye-
reducing impact of νe-νs conversions, depending on the radial position of the active-sterile MSW
region relative to the radius where α-particles form from nucleon recombination. In the late proto-
neutron star cooling phase the production of sterile neutrinos via an MSW resonance takes place very
close to the neutrinosphere, while a significant abundance of α-particles in the wind appears only
at larger distances. The Ye reduction in the ejecta associated with the transformation of νe to νs is
therefore amplified by the subsequent α-effect, driving Ye from initial values considerably above 0.5
to an asymptotic value closer to 0.5. In the early wind phase the effect is different. Here the outer νe-νs

MSW conversions occur farther away from the neutron star and exterior to (or coincident with) the
formation region of α-particles. The α-effect then moderates the Ye reduction caused by the presence
of sterile neutrinos. Because of this dominance of the α-effect, the asymptotic neutron-to-proton ratio
in the early wind becomes very similar in the cases with and without sterile neutrinos (whereas without
α-effect sterile neutrinos always cause a significant reduction of Ye).

While the neutrino-driven wind of our ECSN model is well on the proton-rich side (Hüdepohl et al.
2010), equation-of-state dependent nucleon mean-field potentials in the neutrinospheric region might
lead to a considerably lower Ye in the wind outflow (Roberts et al. 2012; Martı́nez-Pinedo et al.
2011). For this reason we constructed six toy model cases for the intermediate and late wind phases,
in which the (unoscillated) neutrino spectra were chosen such that the neutrino-driven wind became
neutron-rich with an asymptotic wind-Ye (including the α-effect) of about 0.42–0.43, which is on the
extreme side of the theoretical estimates. Including active-sterile flavor oscillations, the outflow turns,
in some cases, more proton-rich, despite the conversion of νe to νs. This counterintuitive Ye increase
is caused by neutrino oscillations, which modify the neutrino emission properties such that either the
νe absorption is more strongly increased than the competing ν̄e absorption or the ν̄e absorption is more
strongly reduced than the competing νe absorption. Our conclusion that sterile neutrinos are unlikely
to help enforcing neutron-rich conditions in the wind ejecta therefore seems to remain valid even when
nucleon-potential effects are taken into account in future neutron-star cooling simulations.
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If oscillations are disregarded, the wind ejecta in our ECSN model develop a proton excess and there-
fore only iron-group and some p-rich isotopes are created with small production factors (below 10),
not adding any significant production of interesting isotopes to the nucleosynthesis yields computed
for the early ejecta of 2D explosion models of such ECSNe (Wanajo et al. 2011, 2013a,b). When
neutrino oscillations are taken into account by our simplified neutrino-mixing scheme, the feedback
of oscillations on Ye is time-dependent, since it is sensitive to the detailed matter profile and neutrino
fluxes. In the early ν-driven wind, the asymptotic Ye value in the presence of a sterile family is lower
than the Ye value obtained without oscillations, although always > 0.5. In the intermediate phase
of the ν-driven wind Ye in the presence of sterile neutrinos is even a bit higher than the one without
oscillations.

In the late ν-driven wind the asymptotic Ye in the presence of sterile neutrinos is slightly lowered
compared to the case without oscillations or to the case where oscillations in the active sector are
considered. However, in our model of the neutrino cooling of the proto-neutron star born in an ECSN,
the corresponding effects do not lead to any neutron excess. The changes of the nucleosynthetic
output for models with (active or sterile) neutrino oscillations compared to the no oscillations case
are insignificant. It appears unlikely that in the studied progenitor viable conditions for strong r-
processing can be established.

Our conclusions concern the ν-driven wind of an 8.8 M� progenitor. More studies of the impact of neu-
trino oscillations on the early-time ejecta including multi-dimensional effects arising in hydrodynamic
simulations (Wanajo et al. 2011, 2013a) and including the effects of nucleon mean-field potentials in
the neutrino opacities, are needed in order to shed light on the consequences of neutrino oscillations
for the explosion mechanism and nucleosynthetic abundances (cf. Wu et al. 2014, who considered
only a 1D model). Studies of a broader range of progenitor models, in particular also iron-core SNe
with more massive proto-neutron stars, applying state-of-the-art neutrino-oscillation physics, are also
desirable to identify possible cases where favorable conditions for an r-process may be produced.



5 Hints on the Explosion Mechanism of
Core-Collapse Supernovae from the Study of
the Production of 44Ti and 56Ni

We investigate the production of the radioactive isotopes 44Ti and 56Ni in 3D as well as 1D core-
collapse supernovae (CCSNe) of 15 M� and 20 M� progenitors, whose explosions are simulated using
the light-bulb neutrino approach with the PROMETHEUS code. We see a general spatial correlation
between the production of 44Ti and 56Ni, although 44Ti can even be found in regions where almost
no 56Ni is produced. The asymmetries which arise at the onset of the explosion play a crucial role
in determining the spatial distribution of these isotopes. The produced amount, instead, depends
sensitively on the SN explosion energy and on the shock wave propagation. Taking into account
some uncertainties in key nuclear reaction rates involving 44Ti and in the electron fraction of the
matter which interacts with neutrinos, we get (within the error bars) a good agreement between the
amounts of 44Ti and 56Ni produced in our models and the ones given by observations. We conclude
that the delayed neutrino-driven explosion mechanism of CCSNe can be an explanation for the spatial
distribution and the synthesized amounts of 44Ti and 56Ni observed in supernovae remnants.

5.1 Introduction

Understanding the mechanism which gives birth to core-collapse supernovae (CCSNe) explosions is
still a challenging question. For an overview on the supernovae theory as well as the multi-dimensional
effects on the explosion of massive stars see Janka (2012), Burrows (2013), and Foglizzo et al. (2015).
With the exception of the lowest mass progenitor (M ' 8 M�) of CCSNe (Hüdepohl et al. 2010,
Fischer et al. 2010), all models fail to explode in 1D including detailed neutrino transport. In 2D
the situation becomes more optimistic. In fact, hydrodynamic instabilities and non-radial motions,
e.g. convection in the neutrino-heated post- shock layer, and the so-called standing accretion shock
instability (SASI, Blondin et al. 2003) can help the explosion, since they enhance the neutrino-heating
conditions behind the shock (e.g., see Janka & Mueller 1996). In 3D, namely without any symmetry
restriction on the fluid motion, the optimistic scenario of 2D explosions with detailed neutrino trans-
port becomes questionable. In 3D the explosion condition is found to be less favourable than in 2D
(Hanke et al. 2012). Until now, there is only one successful example of a 3D neutrino-driven SN explo-
sion of a 9.6 iron-core star which is computed fully self-consistently with the neutrino-hydrodynamics
code Prometheus-Vertex (Melson et al. 2015). Furthermore, Melson et al. (2015) identify, for the first
time, the impact of 3D turbulence in the convective gain layer that increases the explosion energy and
accelerate the shock expansion in 3D relative to 2D.
It is generally accepted that asymmetries play a crucial role in launching successful CCSNe explo-
sions. However, the details of the explosion, which are needed to produce robust explosions for a



70
5. Hints on the Explosion Mechanism of Core-Collapse Supernovae from the Study of the

Production of 44Ti and 56Ni

broad range of progenitors, are not yet fully understood. In order to shed light on the mechanism
which drives the SNe explosions, one can have some hints from the observations of the energy and
material which are injected into the interstellar medium from CCNSe explosions. Some of this ma-
terial, which is the result of nucleosynthesis processes occurring during the explosion, is made of
radioactive isotopes, and therefore allow us to infer the CCSNe physical conditions which are needed
in order to produce them. For example, the observations of 44Ti and 56Ni in CCSNe events, such as the
well known SN 1987A and CasA, can significantly help us to better understand the explosion mecha-
nism of SNe, since the production of these two isotopes strongly depends on the temperature, density
and electron fraction, which, on their turn, depend on the details of the explosion. Furthermore, the
spatial distribution of these isotopes is strongly connected to the asymmetries which arise at the onset
of the explosion.
Therefore, by comparing the outcome (e.g., nucleosynthesis material) from the SNe modelling with
the observations, we can test our theory. To this aim, we need long-term CCSNe explosions which,
depending on the degree of complexity and completeness of the physical processes which are used
in modelling the explosion, can be, computationally speaking, extremely expensive, especially for
the aforementioned models which use detailed neutrino transport. Besides the neutrino heating, other
methods are used to explode the star, among them there are the piston (e.g., Woosley & Weaver 1995,
Limongi & Chieffi 2006) and the thermal bomb models (e.g., Thielemann et al. 1996). In these mod-
els, some additional energy is artificially added to the system in order to trigger the explosion. Besides
the explosion energy, the mass cut, namely the boundary between the ejecta and the proto-neutron star
(PNS), has to be taken as a free parameter which is chosen in order to produce the observed mass of
56Ni ejecta. These models are appropriate to predict the outcome of the nucleosynthesis in the outer
layers of the star, since it mainly depends on the strength of the shock wave which passes through the
different layers, but they fail to accurately predict the nucleosynthesis in the innermost layer of the
star. Recently, Perego et al. (2015) proposed a new method, called PUSH, to explode the massive stars
in spherical symmetry. In PUSH, a fraction of the luminosity of the heavy flavor neutrinos emitted
by the PNS is deposited in the gain region, in order to mimic the effects seen in multi-dimensional
supernovae simulations. The artificially increased heating is calibrated in order to reproduce the ob-
servational properties of SN 1987A (for details see Perego et al. 2015).
In order to have some more hints on the explosion mechanism of CCSNe, in this work, we perform
nucleosynthesis calculation, focusing on the production of 44Ti and 56Ni in long-term simulations of
a set of 15 M� and 20 M� progenitor stars (Wongwathanarat et al. 2010b, Wongwathanarat et al.
2013, Wongwathanarat et al. 2014). In these simulations the so-called light-bulb neutrino transport is
adopted in order to trigger the SNe explosions. Namely, the core of the PNS is replaced by a repre-
sentative point mass and a grid boundary is placed at the surface of the excised PNS core. A boundary
condition is set at the grid boundary such that it radiates suitable amounts of neutrinos to trigger the
explosion (for details see Wongwathanarat et al. 2010b, Wongwathanarat et al. 2013, Wongwathanarat
et al. 2014). In this way, the detailed neutrino transport is replaced by a simplified version of neutrino
absorption and emission terms in optically thin conditions. Furthermore, the non-radial instabilities
in SN core of the 3D models are triggered by small random perturbations on the grid scale (for de-
tails, see Wongwathanarat et al. 2014). The chosen set of the CCSNe models allows us to discuss
the dependence of the production of 44Ti and 56Ni on different aspects: progenitor, dimensionality,
explosion energy, and asymmetry. We structure our work as follows: in Sect. 5.2, we shortly present
our input supernovae models as well as our nuclear reaction network. In Sect. 5.3, we discuss our
post-processing method. In Sect. 5.4, we show the first part of our results concerning the progenitor
dependence of the production of 44Ti and 56Ni. In Sect. 5.5, we investigate the difference between
the production of 44Ti and 56Ni in 3D and 1D supernovae simulations. In Sect. 5.7, we compare our



5.2 Neutrino-driven explosion simulations of supernovae and nuclear reaction network 71

Table 5.1 For each of the considered models in 3D or 1D, we report some presupernova and explosion
properties: type (RSG or BSG), ZAMS mass (M), radius (R?), postbounce time of the explosion
(texp), and the explosion energy (Eexp) (Wongwathanarat et al. 2013, Wongwathanarat et al. 2014).

Model 1 Progenitor M R? texp Eexp
Type M� [106 km] [s] [B]2

W15-1-3D RSG 15 339 0.24 1.12
W15-2-3D RSG 15 339 0.25 1.13
N20-2-3D BSG 20 33.8 0.28 3.12
N20-4-3D BSG 20 33.8 0.33 1.35
N20-4-1D BSG 20 33.8 0.55 0.45
N20-8-1D BSG 20 33.8 0.36 ∼ 1.5

results with other theoretical works and observations and, finally, in Sect. 5.8, we present our main
conclusions and perspectives.

5.2 Neutrino-driven explosion simulations of supernovae and
nuclear reaction network

The simulations of our SN explosions in 3D and 1D are performed with the PROMETHEUS code
(Fryxell et al. 1991, Müller et al. 1991), which is an explicit finite-volume, Eulerian, multi-fluid hy-
drodynamics code. It solves the multidimensional hydrodynamic equations using dimensional split-
ting (Strang 1968), piecewise parabolic reconstruction (Colella & Woodward 1984), and a Riemann
solver for real gases (Colella & Glaz 1984). The advection of nuclear species in the code is treated
using the consistent multifluid advection scheme of Plewa & Müller (1999). An axis-free overlapping
“Yin-Yang” grid (Kageyama & Sato 2004) in spherical coordinates is employed in PROMETHEUS
(Wongwathanarat et al. 2010a). The “Yin-Yang” grid has, among others, the advantage of avoiding
numerical artifacts near the polar axis (for details see Wongwathanarat et al. 2010a).
The neutrino transport and the neutrino-matter interactions are treated using the so-called light-bulb
neutrino transport method similar to what was done in Scheck et al. (2006). Suitable choices of the
neutrino parameters trigger SNe explosions. The equation of state (EoS) of Janka & Mueller (1996)
is used to describe the matter. In our simulations, the inner core of the proto-neutron star (PNS) is
excised and replaced by a point mass at the origin of the coordinate system and the cooling of the
excised part of the PNS due to neutrino emission is taken into account by setting the neutrino prop-
erties (luminosities and mean energies) as time-dependent boundary conditions (see Wongwathanarat
et al. 2013, Wongwathanarat et al. 2014). After the supernova explosion has been launched and the
explosion energy is almost saturated, which happens at about 1.1 − 1.3 s postbounce time, the outer
boundary of the grid is extended to a radius r = 1014 cm. This allows us to follow the propagation

1The 1D models have not yet been published (private communication of Annop Wongwathanarat).
21B = 1Bethe = 1051erg
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of the shock wave through the different layers of the progenitor and to take into account mixing pro-
cesses during the late-time evolution of the explosion until the shock wave breaks out from the stellar
surface. In these long term simulations the aforementioned neutrino transport and interactions with
matter are not taken into account. Furthermore, the EoS of Janka & Mueller (1996) is switched to
the one of Timmes & Swesty (2000). These long term simulations are stopped at ∼ 35000 − 61000
seconds after the bounce of the core. While performing the supernovae simulations, a small α-chain
reaction network is solved in order to take into account, although very approximately, the explosive
nucleosynthesis (for more details see Wongwathanarat et al. 2014).
Therefore, in order to be able to predict as accurately as possible the amount of nuclear species which
are produced during the explosive nucleosynthesis of the SN, and in particular of our isotopes of inter-
est 44Ti and 56Ni, an accurate post-processing of the matter using a full reaction network is necessary.

5.2.1 Input stellar models

In order to perform our study concerning the production of 44Ti and 56Ni in explosive nucleosynthesis
we choose a set of six non-rotating presupernova models having a Zero Age Main Sequence mass
(ZAMS) M = 15 M� (see model s15s7b2 in Woosley & Weaver 1995) and M = 20 M� (Shigeyama
& Nomoto 1990), respectively. Noticed that, the mass of the N20 models reduces to a values of
16.3 M� when the collapse occurs, because of the mass loss. In Table 5.1, we report some of the main
presupernova as well as explosion properties of our models which are relevant for our investigation:
ZAMS mass, radius of the star, explosion energy Eexp

3, and explosion time4 (Wongwathanarat et al.
2013, Wongwathanarat et al. 2014). The first part of the name we choose for our models (e.g., W15-
1) refers to the model used as input for our neutrino-driven explosion simulations, while the second
part refers to the dimensionality of the simulation either 3D or 1D (e.g., W15-1-3D). The W15-1-3D
and W15-2-3D models are two Red-Super-Giant (RSG) stars and they differ in the initial perturbation
configuration which was imposed to break the spherical symmetry of the 1D collapse model at 15
ms postbounce time (see details in Wongwathanarat et al. 2013). These models have almost the same
explosion energies, but, due to the chaotic nature of non-radial hydrodynamic instabilities, the ejecta
asymmetries develop in a different way in these models during the shock revival phase. Therefore, the
comparison between the nucleosynthesis results of the W15-1-3D and W15-2-3D models allows us to
investigate the impact of these asymmetries on the ejecta distribution, in particular of 44Ti and 56Ni.
Summarizing, we choose the aforementioned set of models (see Tab. 5.1) in order to investigate dif-
ferent aspects of the production of 44Ti and 56Ni in the supernova explosive nucleosynthesis:

• The progenitor dependence by comparing models W15-1-3D and W15-2-3D (M = 15M�)
with models N20-2-3D and N20-4-3D (M = 20 M�);

• The asymmetry influence of the ejecta by comparing the spatial distribution of model W15-1-3D
and model W15-2-3D;

• The explosion energy dependence by comparing model N20-2-3D and model N20-4-3D, the
latter having an almost double Eexp as the former;

3The explosion energy is defined as the sum of the total (internal+kinetic+gravitational) energy over all grid zones where
the total energy is positive.

4The explosion time is defined as the moment when Eexp & 1048 erg, which approximately happens at the same time when
the average shock radius (see Eq. 5.5) exceeds a value of 400-500 km.
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• The dimensionality importance by comparing model N20-4-3D with N20-4-1D and N20-8-1D
models;

Furthermore, our choice of the progenitor models and their explosion properties, in particular of the
explosion energy, is due to the fact that SN 1987A is thought to have a ZAMS mass progenitor in
the range 18 − 20 M� (Shigeyama & Nomoto 1990, Woosley 1988) and an explosion energy of the
about (1.1 ± 0.3) · 1051 B (Blinnikov et al. 2000), while CasA has an estimated mass around 16 M�
(Grefenstette et al. 2014).

5.2.2 Nuclear reaction network

We use a nuclear reaction network in which 6300 nuclear species are taken into account between the
proton-drip line and neutron-drip line, up to the Z = 110 isotopes, for more details see Wanajo (2006).
All the important reactions such as (n, γ), (p, γ), (α, γ), (p, n), (α, n), (α, p), and their inverse ones are
taken into account (see also chapters 3 and 4). In the following, besides the 3α reaction which influ-
ences the outcome of nucleosynthesis globally, we list some of the most important reactions which
are relevant for the production of 44Ti: 44Ti(α, p)47V, 40Ca(α, γ)44Ti, 47V(p, γ)46Cr, 40Ca(α, p)53Sc,
17F(α, p)20Ne, 21Na(α, p)24Mg, 41Sc(p, γ)42Ti, 43Sc(p, γ)44Ti, 44Ti(p, γ)54V, and
57Ni(p, γ)58Cu. For a detailed discussion on the impact of the different reaction rates on the production
of 44Ti see The et al. (2006) and Magkotsios et al. (2010). These rates are either know experimentally
or inferred theoretically. The rates which we use are taken from Cyburt et al. (2010). In particular, the
rate of the reaction 44Ti(α, p)47V, which is still not very well constrained experimentally (Margerin
et al. 2014), plays a crucial role in determining the final amount of the produced 44Ti. We will come
back to this question in Sect 5.6. The outcome of the nucleosynthesis in general crucially depends
also on the electron fraction Ye, which is determined by the β-reactions: p(e−, νe)n and n(e+, ν̄e)p, as
widely discussed in chapters 3 and 4. However, since the treatment of neutrinos in our supernova
simulations is done only approximately (in our light-bulb neutrino approach we do not fully take into
account all the reactions of neutrinos with matter), we do not consider the above reactions involving
neutrinos in our nucleosynthesis calculations. Therefore, we have to make certain assumptions (as it
will be specified in the following) about the Ye evolution in the matter which is heated by neutrinos.
We will come back to this question in Sect. 5.4.2.

5.3 Post-processing and methodology

In order to perform our nucleosynthesis calculations we use for each model a set of tracer particles
(see Tab. 5.2), whose density and temperature profiles where simulated for at least 10 s, which is
enough to perform nucleosynthesis calculations without making any extrapolation of the hydrody-
namical trajectories. We choose a mass resolution of the particles (a few 10−6 M�), which is lower
than the estimated or observed amount of 44Ti in SN explosions SN 1987A and CasA, namely a few
(10−5 − 10−4)M� (Grefenstette et al. 2014, Seitenzahl et al. 2014). The production of 44Ti and 56Ni
takes mainly place in the silicon and oxygen layers above the PNS and if the matter goes enough close
to the PNS, let say at radii r . 250 km, then the interactions with neutrinos become important. There-
fore, due to the limitation of our neutrino transport, we distinguish our particles, and nucleosynthesis
calculations, into two different sets:
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Table 5.2 For each of the considered supernova models, we report the rough number of tracer particles
which we use in the post-processing nucleosynthesis calculations as well as their mass resolution in
M�.

Model Number Mpart
Tracers 10−6M�

W15-1-3D ∼ 84000 3.49
W15-2-3D ∼ 76000 3.49
N20-2-3D ∼ 48000 1.87
N20-4-3D ∼ 32000 1.79
N20-4-1D ∼ 8000 5.00
N20-8-1D ∼ 18000 5.00

• shock-heated matter, namely we take into account only the hydrodynamical trajectories of par-
ticles whose highest temperature is Tpeak . 9 GK and whose radius is r & 250 km, because we
want to avoid neutrino interactions with matter;

• neutrino-heated (ν-heated) matter, corresponding to the remaining particles which are heated
by neutrinos at Tpeak > 9 GK and, therefore, can go very close to the PNS.

In the shock-heated matter case, we use the nuclear composition of the pre-supernova model as initial
condition for the nuclear abundances, which is taken from Woosley & Weaver (1995) for the W15-
1-3D and W15-2-3D model, while it is taken from Shigeyama & Nomoto (1990) for all the other
models. In the ν-heated case, we make two different assumptions about the initial abundances of the
matter which is in NSE (see chapter 1), and therefore is only made of free protons Yp and neutrons Yn

due to the very high temperatures:
(i) We take the initial Ye as it is given by our models with the approximate neutrino-transport at a
temperature T ' 5 GK (the lowest temperature at which the matter is still in NSE), and then perform
our nucleosynthesis calculations with initial abundances Yp = Ye (charge neutrality) and Yn = 1 − Ye;
(ii) We take as initial Ye the one of the progenitor and then by setting again the initial composition
Yp = Ye and Yn = 1 − Ye, we perform our nucleosynthesis calculations. By considering the cases (i)
and (ii) we can have an idea about the amounts of 44Ti and 56Ni which are produced in the ν-heated
matter, although, for the aforementioned reasons, our predictions have to taken with a “caveat”, since
they will be significantly affected by the uncertainties related to the non accurate knowledge of Ye.
After taking into account all of the above assumptions, we summarize in Tab. 5.2, for each of the
considered models, the rough number of tracer particles which we use for our calculations as well as
their mass resolutions.

5.4 Results I: Progenitor dependence of 44Ti and 56Ni production

In this section, we examine the production of 44Ti and 56Ni with respect to the progenitor dependence
by taking into account a 15 M� and a 20 M� ZAMS star (see Tab. 5.1). We will first present general
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considerations about the dependence of 44Ti and 56Ni on the hydrodynamic properties, such as tem-
perature and density profiles, and then we will focus on each of the considered supernova explosion
models.

5.4.1 Trends in the peak density – temperature plane

Together with the expansion time scale, which decides how fast reactions occur, the entropy and the
initial composition, the explosive nucleosynthesis of 44Ti and 56Ni is mainly determined by the peak
density and by the peak temperature reached by the matter due to the passage of the SN shock through
the different layers of the star or due to the neutrino heating of the matter.
Magkotsios et al. (2010) explored in detail the sensitivity of the 44Ti and 56Ni production to the
variations in reaction rates, electron fraction, and nuclear network size by using simple hydrodynamic
trajectories which scale exponentially or as a power low with time. In particular, they identify six main
regions in the peak temperature-density (peak T-D) plane which are characterized by different nuclear
burning patterns. They control the production of 44Ti, independently from which kind of evolution
profile they choose for the temperature and density. The only difference caused by the shape of the
trajectories, or the expansion time scale, is the extension of these regions in the peak T-D plane. This
means that the expansion time scale is not the reason for their formation. Instead, the reason is related
to the amount of entropy during the expansion which affects the strength of the key reactions and
therefore of the outcome of the nucleosynthesis. Consequently, the phase transitions occur among
different burning processes for certain densities and temperatures. On the other hand, the expansion
time scale of the matter influences the actual location of the separation between the different burning
regions in the peak T-D plane. In fact, for larger expansion time scales the matter spends more time
in a certain burning regime. Therefore, the value of the density can be different when the temperature
at which the burning transition occurs is reached. This translates into a shifting of the borders of the
different burning processes in the peak T-D plane. Following the work of Magkotsios et al. (2010)
and the general considerations about the explosive nucleosynthesis in SN which we made in chapter
1, we summarize the main features of the different regions in the peak T-D plane which characterize
the production of 44Ti and 56Ni, assuming Ye ∼ 0.5:

• Region 1, called “normal freeze-out” (Woosley et al. 1973), is a freeze-out from nuclear sta-
tistical equilibrium (NSE), and the abundances are mostly determined by the Q values. If the
threshold temperature for NSE (T ∼ 5 GK) is reached at relatively high densities (ρ ' 109

g/cm3), then the NSE freeze out distribution is dominated by 56Ni, Si and Fe group nuclei and
a small amount of α particles (Xα ∼ 10−3);

• Region 2, called “QSE-leakage”, is formed when the temperature decreases to T ∼ 5 GK at a
density about ρ ' 108 g/cm3. At this density, the matter composition is dominated by Si and Fe
group nuclei, and there are very few α-particles. Differently from the normal freeze-out region,
in this case the efficiency of the capture reactions is different. This results in the formation of
two quasi-statistical-equilibrium (QSE, see chapter 1) clusters in the region of Si-Ca nuclei and
Fe-group nuclei, with 44Ti being located in the upper limit of the intermediate mass cluster and
56Ni in the center of the Fe-group cluster. Since there is a continuous flow transfer from the
Si-Ca cluster to the Fe-group cluster, the amount of 44Ti which is synthesized will be decreased
a lot, while the one of 56Ni will be favored. Consequently, a 44Ti chasm region is formed due to
the phase transition from one QSE cluster configuration to two QSE cluster configurations and
to the subsequent flow leakage which depletes 44Ti and enhances 56Ni;
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• Region 3, called “α-rich freeze out” (Woosley et al. 1973), which spans, at T ' 5 GK, over
104g/cm3 . ρ . 107g/cm3. As the matter expands and cools some Si-group and Fe-group, as
well as 44Ti mass fractions in QSE have the shape of an “arc”, starting from low values at high
temperature, going to a local maximum and then back to a local minimum as the temperature
decreases. In particular, after this “arc”, the mass fraction of Si-group nuclei, of some Fe-group
nuclei and of 44Ti increases again (see the detailed discussion in Magkotsios et al. 2010). After
the freeze out, the most important nucleosynthesis yield include a very large amount of 56Ni, a
relatively high mass fraction of 44Ti and α particles (Xα ∼ 10−2);

• Region 4, called “αp-rich freeze-out”, is a particular case of the α-rich freeze out. In this region,
the β-processes p(e−, νe)n and n(e+, ν̄e)p play a crucial role compared to the other regions. The
β-processes cause the matter to be slightly more proton-rich at high densities and temperatures.
This increase of the proton number in an α-rich environment is the reason for the name αp-rich
freeze-out;

• Region 5, called “photodisintegration”, corresponds to temperatures high enough to establish
equilibrium conditions (NSE or QSE), but the densities are so low that the photodisintegration
dominates over the capture reactions, and after freeze-out, the matter is mainly made of protons
and α particles;

• Region 6, is the “incomplete Si burning” (see chapter 1). The peak temperatures and densities
are such that the expansion timescale is comparable to the time to reach a single QSE cluster
state and several small-scale QSE clusters are formed in these conditions. The mass fractions of
the produced elements freeze out from the QSE states without undergoing any transition phase.
The trends of the mass fraction in region 6 are similar to the ones of region 1. However, in
region 6, the matter freezes out from different equilibrium states depending on the number and
shape of QSE clusters and, thus, on the initial composition of the burning process.

Magkotsios et al. (2010) identify a border between regions 6 and 3 (between Si-rich and α-rich freeze
out) which appears as a thin chasm line in the peak T-D plane. It encloses an angle of ∼ 70◦ with
the temperature axis (see Fig. 4 of Magkotsios et al. 2010). The behavior of the mass fraction of
56Ni in the peak temperature-density plane is simpler to interpret, because 56Ni does not go through
different phase transitions as 44Ti does. This is due to the fact that, differently from 44Ti, 56Ni remains
in equilibrium with its neighborhood. In region 1, a single QSE cluster which includes 56Ni stays
intact until freeze out. In region 2, two QSE clusters are formed. One of them includes 56Ni. In
region 3, the QSE cluster remains centralized in the Fe-group nuclei, including 56Ni. In general,
the trend of 56Ni, at Ye = 0.5, can be simply explained by global equilibrium considerations. The
above considerations made about the behavior of the 44Ti and 56Ni yields in the peak T-D plane using
parametrized trajectories can only be taken as a general guidance in interpreting the nucleosynthesis
results of the post-processed hydrodynamic trajectories of SNe simulations for several reasons. For
example, our hydrodynamic trajectories, in particular the density and temperature profiles, obtained
with sophisticated numerical simulations do not simply have an exponential or power low dependence
with time, as the ones used in the study of Magkotsios et al. (2010). Nevertheless, we expect to
reproduce the general trends and features of 44Ti and 56Ni mass fractions in the peak T-D plane
mentioned above, in the regions which overlap with the peak temperature and density values from our
hydrodynamic simulations (in 3D or 1D).
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Figure 5.1 Left: For each of the post-processed particles of model W15-2-3D (Wongwathanarat et al.
2014), we show the logarithm of the mass fraction of 44Ti as function of the peak density and peak
temperature reached by the matter due to the passage of the shock wave during the supernova explo-
sion. The thin blue line at Tpeak ∼ 5.2 GK corresponds to the chasm which separates the α-rich from
the Si-rich region. Right: Same as left, but for 56Ni.

5.4.2 Production of 44Ti and 56Ni in 3D 15 M� models
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Figure 5.2 Left: Mass fraction X of 44Ti and 56Ni of the post-processed trajectories of model W15-2-
3D from Wongwathanarat et al. (2014) as function of the initial radius rin. Right: Peak temperature
Tpeak in GK (upper panel) and logarithm of peak density in g/cm3 (lower panel) reached by the post-
processed trajectories as function of the initial radius.

After the above general considerations about the expected behavior of 44Ti and 56Ni mass fractions in
the peak-temperature density plane, we start by examining our nucleosynthesis results of model W15-
2-3D (see Tables 5.1 and 5.2) in the shock-heated ejecta only (see Sect. 5.3) which have an initial
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Ye ∼ 0.5. In Fig. 5.1, we show for each of the post-processed trajectories of the shock-heated matter
the color scale of the logarithm of X(44Ti) (left) and X(56Ni) (right) as functions of the logarithm of
the peak density (log10(ρpeak), ρpeak in g/cm3) and peak temperature (Tpeak, in GK) for the model W15-
2-3D. The relevant values of ρpeak and Tpeak in our simulations span in the ranges ρpeak ' (106 − 108)
g/cm3 and Tpeak ' (2−9) GK. Thus, from the above six considered regions in peak T-D plane in which
44Ti and 56Ni can be produced explosively, we are only dealing with the α-rich and the Si-rich freeze
out ones. From Fig. 5.1 (left), we notice that 44Ti seems to be produced with an average mass fraction
of ∼ (10−4 − 10−5) with the exception of some regions (bluish), in which a depletion in the production
of 44Ti takes place. The first depletion region of 44Ti appears as a very thin band at about Tpeak ' 5.2
GK and corresponds to the phase transition from the α-rich to the Si-rich freeze out. Its orientation
with respect to the temperature axis is about 80◦, which is quite similar to what Magkotsios et al.
(2010) identify in their study. The second blue band (low mass fraction of 44Ti) appears at T ' 4.2
and is broader than the first one and is mixed to other higher values of X(44Ti). At temperatures
lower than 4.2 GK, the yield of 44Ti generally starts decreasing in a monotonic way. Since the amount
of 44Ti produced in the Si-rich freeze out sensitively depends also on the matter composition, it can
happen that 44Ti is still significantly produced even for T . 4GK, especially if the peak density of the
matter is high enough at these temperature. The blue band at Tpeak . 3.8 GK shows the boundary at
which 44Ti is not further significantly produced in the model W15-2-3D.
From Fig. 5.1 (right), as expected from the above discussion, we notice a simpler behavior of the mass
fraction of 56Ni compared to 44Ti. In fact, there is no evident phase transition in the peak T-D plane
for 56Ni, as we can see from the color coding of X(56Ni) which spans quite smoothly from very high
values at high Tpeak and ρpeak, corresponding to α-rich freeze out region, to gradually lower and lower
values as Tpeak and ρpeak decrease towards the Si-rich freeze out regime. Finally, at Tpeak . 4 GK,
56Ni is not significantly produced anymore.
In Fig. 5.2 (left), we even show X(44Ti) and X(56Ni) for each of the post-processed trajectories as
functions of the initial distance from the center of the star (rin), while, on the right, we show the
corresponding Tpeak (upper panel) and ρpeak (lower panel) as functions of rin. On the left, we notice
that up to rin . 2.6 · 108 cm, there is a significant amount of 44Ti which is produced during the α-rich
freeze out. At about rin ' 2.6 · 108 cm X(44Ti) drops abruptly due to the transition phase from α-rich
to Si-rich freeze out. The downward spike of X(44Ti) does not occur exactly at the same position for
all of the trajectories, since the traverse of the thin chasm line depends on the exact value of Tpeak and
ρpeak of the matter and on the location of the thin chasm itself in the peak T-D plane which depends
on the expansion timescale (see also the corresponding Tpeak and ρpeak on the right). Therefore, one
of the effects of 3D simulations is to produce different amounts of 44Ti for the same initial radius,
because, in 3D, the shock hits the matter with an angular dependence, even if the particles have the
same rin. This can also be seen from the “width” of Tpeak and ρpeak as functions of rin. After the
passage of the thin chasm, with increasing rin, the production of 44Ti occurs in the Si-rich freeze out
region. In particular, its mass fraction increases and then decreases again at Tpeak ' 4 GK, which
corresponds to rin ' 3.2 · 108 cm, assuming a typical “arc” shape. For larger radii, although Tpeak is
relatively low (Tpeak ' (3 − 4) GK), 44Ti is still produced in non negligible amounts, because ρpeak
is relatively high (ρpeak ∼ 106g/cm3), so that some 28Si can still be converted to 44Ti. Furthermore,
in the Si-rich region the exact amount of produced 44Ti sensitively depends on the initial composition
of the fuel, as mentioned above. The production of 56Ni is, as already seen in the peak T-D plane in
Fig. 5.1, very high in the α-rich region, namely at rin . 2.6 · 108 cm, while it starts decreasing in the
Si-rich region, and at Tpeak ' 4 GK there is again a dramatic decrease of X(56Ni), although there are
a lot of “raining” points mainly due to the explosion asymmetries of our 3D model.
After having seen how X(44Ti) and X(56Ni) depend on the peak temperature and density reached



5.4 Results I: Progenitor dependence of 44Ti and 56Ni production 79

by the matter during the explosion, one may ask which is the correlation, if there is any, between the
produced amounts of 44Ti and 56Ni themselves. The answer to this question is very important, because
it tells us whether we should expect to detect 56Ni each time 44Ti is detected in observations of SNe
remnants (we will come back to this point in Sect. 5.7). An attempt to answer this question, at least
theoretically speaking, leads us to the next subsection, in which we simply show X(44Ti) as a function
of X(56Ni) for our SN model W15-2-3D.

Trends in the Ti – Ni plane

In Fig. 5.3, we show the logarithm of X(44Ti) as function of X(56Ni) for the post-processed matter
of model W15-2-3D of Wongwathanarat et al. (2014) which is heated by the shock wave during the
SN explosion. This allows us to see if there is any correlation between the amount of 44Ti and 56Ni
which is produced during the SN shock wave passage through the different layers above the proto-
neutron star. Indeed, we notice certain correlations between X(44Ti) and X(56Ni), since X(44Ti) is not
scattered in a completely random way as a function of X(56Ni), as it would happen in the absence of
correlations. Furthermore, at least from a phenomenological point of view, we can identify what we
call the four “components” which are shown with different colors:
1) The first component (1st comp., black color) corresponds to a relatively high amount of 44Ti, but
very little 56Ni (X(56Ni). 0.02);
2) The second component (2nd comp., red color) corresponds to the band with the “arc” shape which
extends over the whole range of X(56Ni) values, but to a quite narrow range of X(44Ti) values,
(X(44Ti) ∝ 10−5);
3) We call third component (3rd comp., green color) the big patch in the range of X(56Ni)∼(0.4-0.8)
and, besides this patch, some randomly scattered values over the whole X(56Ni) and X(44Ti) ranges;
4) The fourth component (4th comp., blue color) corresponds to the quite narrow band which extends
over a small range of X(56Ni) values (X(56Ni)∼ 0.6 − 0.92) but to a very large interval of X(44Ti)
values (X(44Ti) ∼ 10−6 − 10−3).
In order to understand the reasons behind the formation of these components or correlations between
the 44Ti and 56Ni distributions, we refer once again to Fig 5.2. It shows, on the left, for each of the
post-processed trajectories X(44Ti) and X(56Ni) (as already discussed in detail in the previous section)
as well as the corresponding Tpeak in GK and log10(ρpeak) (ρpeak in g/cm3), on the right, as a function
of the initial distance rin of the matter from the center of the star. For the reasons reported in the
previous section, at the Tpeak and ρpeak of our simulation, the distribution of 44Ti has two depletion
regions: one corresponding to the traverse of the thin chasm in the peak T-D plane, and the other
one at Tpeak ∼ 4 GK. On the other hand, X(56Ni) is very high at low rin (at high Tpeak and ρpeak),
and then, at large radii (at low Tpeak and ρpeak), it starts gradually decreasing up to Tpeak ∼ 4 GK.
Afterwards, it decreases even much faster to very low values. All these features which we identified
in Fig. 5.2 can also be seen in Fig. 5.3. In fact, at large X(56Ni) (at low rin) in average a lot of 44Ti is
produced (3rd component), then, at still very high X(56Ni), while approaching the thin chasm of 44Ti,
X(44Ti) decreases very steeply (4th component). After the thin chasm, X(56Ni) decreases gradually,
while X(44Ti) assumes the typical “arc” shape (2rd component). Finally, at the lowest Tpeak, X(56Ni)
is almost zero, while 44Ti is still being produced in the Si-rich burning regime. In summary, we can
generally say that:

• The 1st component corresponds to the Si-rich freeze out region, at Tpeak ' (2.2− 4) GK, where,
depending on ρpeak, some Si can still convert to 44Ti, while there is almost no production of
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Figure 5.3 Logarithm of the mass fraction of 44Ti (X(44Ti)) produced in the shock-heated ejecta of the
3D model W15-2-3D as function of the mass fraction of 56Ni (X(56Ni)).

56Ni;

• The 2nd component extends from the thin chasm in the peak T-D plane up to Tpeak ' 4 GK,
where X(44Ti) assumes the typical “arc” shape, while X(56Ni) decreases gradually;

• The 3rd component corresponds to the production of 44Ti and 56Ni in the α-rich freeze out
region, where a lot of 44Ti and a lot of 56Ni are produced. The “patch” and the scattering
pattern are due to the asymmetries of the 3D modeling;

• The 4th component corresponds to the region where the chasm is approached from the α-rich
freeze out side in the peak T-D plane. Therefore, X(56Ni) is always high (56Ni does not go
through any transition phase), while X(44Ti) is very high in the α-rich region and significantly
decreases as the thin chasm is approached.

After the above considerations about the general trends of the post-processed amounts of X(44Ti)
and X(56Ni) in the peak T-D and Ti-Ni planes, in Figs. 5.4 and 5.5, we show, for each of the above
considered four components of model W15-2-3D, X(44Ti) and X(56Ni) in the peak T-D plane. The
first components (upper panel in Fig. 5.4) are mainly concentrated in the low region of the peak T-D
plane, with a significant amount of 44Ti and a negligible amount of 56Ni. The second components
(lower panel in Fig. 5.4), are mainly located in the central region of the peak T-D plane, as expected,
since they represent the production of 44Ti and 56Ni in the Si-rich region of the peak T-D plane. The
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Figure 5.4 In each panel we show the logarithm of the mass fraction of 44Ti (log10[X(44Ti)]) and 56Ni
for each of the considered 1st (upper panels) and 2nd (lower panels) components (see Fig. 5.3 and text
for details) of model W15-2-3D as functions of the logarithm of peak density log10(ρpeak) (ρpeak in
g/cm3) and peak temperature Tpeak in GK reached by the matter because of the shock wave heating.
The panels on the left refer to 44Ti, while the ones on the right to 56Ni.
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Figure 5.5 Same as Fig. 5.4, but for the 3rd and 4th components of the model W15-2-3D (see Fig. 5.3
and text for more details).
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Figure 5.6 Left: Histogram of the mass distribution in M� of 44Ti produced in the shock-heated ejecta
as a function of the initial radius rin for each of the considered “components” (see Fig. 5.3) of the 3D
model W15-2-3D. Right: Same as left, but for 56Ni.

third and the fourth components in Fig. 5.5 are centered in the right upper part of the peak T-D plane,
and they both overlap with the α-rich freeze out region. In particular, we notice the presence of the
thin chasm in the fourth component, which appears as a thin blue line in the X(44Ti) distribution, while
there is nothing for 56Ni in the corresponding location in the peak T-D plane, because 56Ni does not
go through any transition phase while passing from the α-rich to the Si-rich freeze out regions.
In Fig. 5.6 we show the histograms of the produced mass distributions in M� of 44Ti (left) and 56Ni
(right) as functions of the initial radius rin for each of the four identified components (see Fig. 5.3), in
order to have a quantitative idea about the amounts of these isotopes which are produced in each of
them. As we expect, the most part of 44Ti and 56Ni is produced in the third and fourth components,
because they correspond to the α-rich freeze out regime. Quite surprisingly, in the first component
of 44Ti distribution, there is about 30% of the total amount of 44Ti which is produced thanks to the
shock heating of the matter in the SN explosion: Mshock(44Ti) ' 8.7 · 10−6 M�. Analogously, the total
amount of synthesized 56Ni in our analysis of the shock-heated ejecta is Mshock(56Ni) ' 4.2 ·10−2 M�.
These amounts of 44Ti and 56Ni which we obtain in the shock-heated ejecta are only a lower limit of
the actual amounts which can be synthesized in our models, since the yields which can be produced in
the matter heated by neutrinos (ν-heated ejecta) have not yet been considered, due to the approximate
knowledge of Ye in whose ejecta, as discussed in Sect. 5.3. Therefore, one of the open questions
which we want to address now is: Which is the contribution of the ν-heated ejecta to the total amount
of the produced 44Ti and 56Ni in CCSNe? This brings us to the next discussion.

Production of 44Ti and 56Ni in the neutrino-heated ejecta

If the matter interacts with neutrinos, then the electron fraction can change significantly due to the β-
processes (as discussed in chapters 3 and 4) and the synthesis of 44Ti and 56Ni sensitively depends on
Ye. The electron fraction of the matter corresponds to the weighted average, with a probability Xi, of
the proton/nucleon ratio of the nuclear species, each of them having a mass fraction Xi. In general, the
most abundant nuclei which are produced during nucleosynthesis calculations have a proton/nucleon
ratio close to the current value of Ye, although a certain spread exists due to different nuclear structure
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and reaction rate effects (Arnett 1977). This means that the production of 44Ti and 56Ni (symmetric
nuclei, Z/A = 0.5) is maximized if Ye = 0.5. For lower Ye values, both 44Ti and 56Ni tend to be
underproduced compared to the symmetric case (Woosley & Hoffman 1992), while at slightly higher
Ye, the production of 56Ni is still comparable to the Ye = 0.5 case (Magkotsios et al. 2008). Since
Ye in our ν-heated ejecta is not very well constrained, we make two different assumptions in order to
perform our nucleosynthesis calculations:
(1) We take Ye (at T = 5 GK, threshold temperature for NSE) as it is given by the hydrodynamic
simulations (Ye,sim);
(2) We simply take Ye from the progenitor (Ye,prog).
These assumptions allow us to give different limits about the produced yields of 44Ti and 56Ni. For
model W15-2-3D, in the Ye,sim case, we get Mν(44Ti) ' 7.16 · 10−6 M� and Mν(56Ni) ' 0.1 · 10−2 M�,
while in the Ye,prog case, we have Mν(44Ti) ' 1.49 · 10−4 M� and Mν(56Ni) ' 5.38 · 10−2 M�. In these
approximations, we can give an estimate of the total amounts MTOT = Mshock + Mν of 44Ti and 56Ni
yields produced in our model.
Using Ye,sim to determine the initial composition of our network calculations, we get:

MTOT(44Ti) ' 1.6 · 10−5 M�, (5.1)

MTOT(56Ni) ' 4.3 · 10−2 M�. (5.2)

Using Ye,prog as boundary condition for the nuclear species, we obtain:

MTOT(44Ti) ' 1.6 · 10−4 M�, (5.3)

MTOT(56Ni) ' 9.6 · 10−2 M�. (5.4)

The produced yields of both 44Ti and 56Ni using Ye,prog are much higher than the ones using Ye,sim, be-
cause Ye,prog ' 0.5, differently from Ye,sim which, in average, is far from the symmetric value, because
of the neutrino interactions with matter. In this way, the efficiency of the synthesis of our isotopes
of interest is dramatically damped. Within the limitations of our model, we can consider the yields
in Ye,sim case as a lower limit for the produced amounts of 44Ti and 56Ni, while the ones in Ye,prog
case as an upper limit (we will come back to this question in Sect. 5.7). We notice that while the
total amounts of 44Ti and 56Ni sensitively depend on Ye, their correlations (see Fig. 5.3 and related
discussion) are not affected, because the most efficient production of 56Ni and and 44Ti happens for
the same conditions in the peak T-D plane, i.e., in the α-rich freeze out regime.
Besides the uncertainties related to Ye, the production of 44Ti and 56Ni depends also sensitively on the
explosion energy of the SN and on the nuclear reaction rates. We will address the first question in
Sect. 5.4.4 and the second one in Sect. 5.6.
Furthermore, together with the amounts of produced 44Ti and 56Ni, another observable, which di-
rectly gives us important hints about the explosion mechanism of the SN and the role played by the
asymmetries, is their spatial distribution. This leads us to the next topic.

Explosion asymmetry dependence and spatial distribution

The model W15-1-3D is very similar to model W15-2-3D in what concerns the relevant physical con-
ditions for the amount of produced 44Ti and 56Ni, since they have the same mass and explosion energy
(see Tab. 5.1), but the spatial distribution of 44Ti and 56Ni can be different, because the explosion
perturbations are set in a different way (see Wongwathanarat et al. 2014). Therefore, we refer to the
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previous sections for the detailed discussion of the formation of the different components in the Ni-Ti
plane and their location in the peak T-D plane. We only report the amounts of produced 44Ti and 56Ni
obtained in the post-processing of the shock-heated trajectories: Mshock(44Ti) ∼ 8.3 · 10−6 M� and
Mshock(56Ni) ∼ 4.1 · 10−2 M�. The very small difference between these values and the corresponding
ones of model W15-2-3D is just due to statistical fluctuation. We can estimate that the total amount
of produced 44Ti and 56Ni and the uncertainties related to Ye are similar to what already discussed
for model W15-2-3D. On the contrary, a big difference between these two models is the spatial distri-
bution of 44Ti and 56Ni, as shown in Fig. 5.7, in which we display the maps of the surface densities
of 44Ti and 56Ni obtained by projecting (integrating) 3D distributions onto a (rotated) meridian plane
(these images are courtesy of Annop Wongwathanarat). The white arrows show the kick direction of
the compact remnant5. The lengths of the arrows do not correspond to the kick magnitudes. The red
“+” sign marks the center of the explosion (coordinate origin), while the white “x” marks the current
position of the NS6. The maps show the distributions at time t = 37562.3 s and t = 50321.6 s for model
W15-1-3D (upper panel: 44Ti on the left and 56Ni on the right) and model W15-2-3D (lower panel:
44Ti on the left and 56Ni on the right), respectively. There is a clear difference between the spatial
distribution of the ejecta of the two models: in model W15-1-3D, both 44Ti and 56Ni are distributed
in a more “spherical” way than in model W15-2-3D, where they have a much more elongated shape.
The detailed reasons behind the spatial distributions of the nucleosynthesis ejecta in these models are
explained in Wongwathanarat et al. (2013). In particular, Wongwathanarat et al. (2013) see a clear
correlation between the anisotropic production and distribution of elements produced during the ex-
plosive nucleosynthesis and the size of the NS kick. In the case of large NS kicks, as it happens for our
models W15-1-3D and W15-2-3D, the explosion is significantly stronger in the direction opposite to
the kick, and therefore the elements which are explosively produced are ejected in directions opposite
to the NS kick. As we may expect from our previous study of the correlations between 44Ti and 56Ni
in the Ni-Ti plane, these isotopes are produced together. This is also confirmed in Fig. 5.7, where, in
general, we find 44Ti in the same place where we find 56Ni, as we can see by comparing the left and the
right sides of each panel. Therefore, theoretically speaking, we expect strong correlations between the
spatial distributions of 44Ti and 56Ni produced in a SN, while from the observational side (e.g., CasA),
there is not yet an unambiguous answer to this question (e.g., Grefenstette et al. 2014, Milisavljevic
& Fesen 2015). We will come back to this point in Sect. 5.7, where we will put our theoretical results
in a more general context by comparing them with other theoretical works and observations.
Now that we have a general idea about what to expect in the 44Ti and 56Ni distributions of a M =

15 M� progenitor, let us see what happens if we consider a M = 20 M� progenitor. This allows us to
investigate the progenitor dependence of the production of our isotopes of interest.

5.4.3 Production of 44Ti and 56Ni in 3D 20 M� models

In this section, we consider the production of 44Ti and 56Ni in a 20 M� progenitor, whose SN explosion
was simulated in 3D (Wongwathanarat et al. 2013, Wongwathanarat et al. 2014). This model has an
explosion energy similar to W15-2-3D and W15-1-3D, but a different mass (Tab. 5.1). This allows
us to focus only on the progenitor dependence of the production of 44Ti and 56Ni. Analogously to
what we have done for model W15-2-3D in Sect. 5.4.2, we will start by discussing the outcome of
the SN explosive nucleosynthesis only in the shock-heated ejecta. In Fig. 5.8, we show, similarly to

5We refer to Wongwathanarat et al. (2010b) and Wongwathanarat et al. (2014) for a detailed discussion about the definition
and the mechanism which forms the kick of the NS in these simulations, since it goes beyond the aims of this work.

6 The position is obtained simply by vNS(3.3s) · t, where vNS is the velocity of the NS.
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Figure 5.7 Upper panels: Surface densities Σ in g/cm2 of the distribution of 44Ti (left) and 56Ni (right)
in model W15-1-3D. The white arrows show the kick direction of the compact remnant. The length
of the arrows doesn’t correspond to the kick magnitude. The red “+” sign marks the center of the
explosion (coordinate origin), while the white “x” marks the current position of the NS. Lower panels:
Same as upper panel, but for model W15-2-3D. The maps show the distributions at time t = 37562.3
s and t = 50321.6 s for W15-1-3D and W15-2-3D, respectively. (Images are courtesy of Annop
Wongwathanarat.)
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Fig. 5.1, the logarithm of the mass fraction of 44Ti (left) and 56Ni (right) as functions of Tpeak and
ρpeak reached by the matter in the Si and O layers when the SN shock wave passes through it. In this
case as well, we can recognize some general features in the peak T-D plane, as we already did in the
W15-2-3D case. At Tpeak ' 5.2 GK in Fig. 5.8 (left), we notice the presence of the thin chasm which
appears as a thin blue line in the distribution of 44Ti and separates the region where nucleosynthesis
happens in the α-rich freeze out (at Tpeak & 5.2 GK) and the region where it happens in the Si-rich
freeze out (at Tpeak . 5.2 GK). As expected, in the distribution of 56Ni in the peak T-D plane, there is
no feature appearing, while passing from the α-rich to the Si-rich freeze out regime (see discussions
in Sect. 5.4.1). At Tpeak . 4 GK both X(44Ti) and X(56Ni) decrease significantly. Differently from the
W15-2-3D model, in the N20-4-3D case the production of 44Ti in the Si-rich region stops at Tpeak ∼ 4
GK and does not continue at lower temperatures. This is due to the difference in the progenitor
structure, in particular in the density profile (plots not shown here), which is reflected in the post
explosion structure as well.
In fact, by comparing Figs. 5.1 and 5.8, we notice that at the same Tpeak the corresponding ρpeak in
the N20-4-3D case is lower than in the W15-2-3D case. Therefore, while in the W15-2-3D model
even at relatively low Tpeak, ρpeak is high enough so that some Si can still be converted to 44Ti, this
does not happen in the N20-4-3D model. Another difference between these models is the width of the
“diagonal bands” of the mass distributions of 44Ti and 56Ni, namely the ones of N20-4-3D are broader
than those of model W15-2-3D.
In order to better understand this difference, we show in Fig. 5.9, analogously to Fig. 5.2, X(44Ti)
and X(56Ni) (left) and Tpeak and ρpeak (right) of model N20-4-3D as functions of the initial radius rin
for each of the post-processed trajectories. We notice that the range of Tpeak and ρpeak, especially at
rin . 3.4 · 108 cm, is broader than the corresponding one of model W15-2-3D, which has an almost
uniform narrow width as function of rin. The reason for this is, once again, related to the density
structure of the progenitors, which shows up in a different propagation of the SN shock wave, since in
3D, the way the SN shock wave hits the matter depends not only on rin, but also on the inclination with
respect to it. On the contrary, at rin & 3.4 · 108 cm, the values of Tpeak and ρpeak of model N20-4-3D
are confined in a narrower range, at fixed rin, than the corresponding ones of model W15-2-3D. This
is the reason why, at Tpeak & 4 GK (rin . 3.4 · 108 cm), the mass distribution of 44Ti and 56Ni in the
peak T-D plane looks broader in the N20-4-3D case than in the W15-2-3D case. On the other hand, at
Tpeak . 4 GK (rin & 3.4 · 108 cm), the mass distribution of 44Ti and 56Ni in the peak T-D plane in the
N20-4-3D case is narrower than in the W15-2-3D case.
In Fig. 5.9 (left), we can identify in the X(44Ti) and X(56Ni) distributions all the features which we
already discussed in the peak T-D plane. In fact, up to rin ' 3 · 108 cm, 44Ti and 56Ni are produced in
the α-rich freeze out regime and, at rin ' 3 · 108 cm, the transition to the Si-rich regime takes place, as
we can see from the drop of both X(44Ti) and X(56Ni). In the range rin ∼ (3 − 3.5) · 108 cm, 44Ti and
56Ni are synthesized in the Si-rich region, where X(44Ti) assumes the typical “arc” shape. Finally, at
Tpeak & 4 GK, the production of 44Ti and 56Ni is basically finished. In particular, the production of
44Ti does not continue further, for the reasons explained above.
In Fig. 5.10, analogously to Fig. 5.3, we show the logarithm of X(44Ti) as a function of X(56Ni). In
analogy to Fig. 5.3, we can identify four “components” in the X(44Ti) distribution. In this case as
well, the “1st component” (black color) and “2nd component” (red color) correspond to the synthesis
of 44Ti and 56Ni in Si-rich freeze out, the “3rd component” (green color) results from the α-rich freeze
out region. The “4th component” (blue color) contains the thin chasm of 44Ti and corresponds to the
transition between the α-rich and Si-rich freeze out regions.
In Figs. 5.11 and 5.12, analogously to Figs. 5.4 and 5.5, we display the location of X(44Ti) and
X(56Ni) in the peak T-D plane for each of the identified components. As we expect from the above



88
5. Hints on the Explosion Mechanism of Core-Collapse Supernovae from the Study of the

Production of 44Ti and 56Ni

discussions, we find the 1st component in the lower region of the peak T-D plane. Then, as Tpeak and
ρpeak increase, we identify the 2nd component. Finally, the 3rd and 4th components appear, together
with the thin chasm in the 44Ti distribution, as soon as Tpeak and ρpeak which characterize the α-rich
freeze out are reached. In order to have a precise idea about the amounts of 44Ti and 56Ni which are
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Figure 5.8 Left: Logarithm of the mass fraction of 44Ti as a function of the peak density and of the
peak temperature reached by the matter during the passage of the shock wave during the supernova
explosion of the 3D model N20-4-3D. Right: Same as left, but for 56Ni.
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Figure 5.9 Left: Mass fraction X of 44Ti and 56Ni of the post-processed trajectories of model N20-4-
3D from Wongwathanarat et al. (2014) as a function of the initial radius rin. Right: Peak temperature
Tpeak in GK (upper panel) and logarithm of the peak density in g/cm3 (lower panel) reached by the
post-processed trajectories as a function of the initial radius.

produced in each of the identified components in the shock-heated ejecta, we show in Fig. 5.13, the
histograms for each component of 44Ti (left) and 56Ni (right) as function of the initial radius rin. The
total amount of 44Ti produced during the SN shock wave heating is about 8.6 · 10−6 M�, while the
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X(44Ti) and X(56Ni), which we call “components”.

amount of produced 56Ni is 3 · 10−2 M�. In particular, the shock-heated amount of 44Ti produced in
the N20-4-3D model is very similar to the one synthesized in the models W15-2-3D and W15-1-3D.
Therefore, it seems that there is no big impact of the different progenitor structure on the production
of 44Ti, while there is a bigger impact on the production of 56Ni, since in the heavier progenitor (N20-
4-3D) less 56Ni is synthesized as in the lighter ones (W15-2-3D and W15-1-3D). However, we have
not yet considered the yields which are produced in the ν-heated ejecta which dramatically depend
on Ye, as already discussed for model W15-2-3D. Therefore, the amounts which we find can only be
taken as a lower limit in our model.
After having seen the progenitor difference in the production of 44Ti and 56Ni, we have now to face
the next question of our investigations, namely how does the production of our isotopes of interest
depends on the explosion energy of the supernova?

5.4.4 Impact of the explosion energy on the production of 44Ti and 56Ni

In this section, we discuss the dependence of the production of 44Ti and 56Ni on the supernova explo-
sion energy. To this aim, we consider a 3D model, called N20-2-3D, which has the same progenitor
mass as the N20-4-3D model, but an almost double explosion energy (see Tab. 5.1). Since the be-
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Figure 5.11 In each panel we show the logarithm of the mass fraction of 44Ti (log10[X(44Ti)]) and
56Ni for each of the considered “first 1st and second 2nd components” (see Fig. 5.10 and text) of
model N20-4-3D as functions of the logarithm of the peak density log10(ρ) in g/cm3 and of the peak
temperature in GK. The panels on the left refer to 44Ti, while the ones on the right to 56Ni.
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Figure 5.12 Same as Fig. 5.11, but for the third (3rd) and fourth (4th) components of model N20-4-3D
(see Fig. 5.10 and text).
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Figure 5.13 Left: Histogram of the mass distribution in M� of 44Ti as a function of the initial radius
for each of the considered “components” (see Fig. 5.10) of the 3D model N20-4-3D. Right: Same as
left, but for 56Ni.

havior of X(44Ti) and X(56Ni) in the Ni-Ti and peak T-D planes is very similar to the ones of models
W15-2-3D and N20-4-3D, we only report here the total amounts of 44Ti and 56Ni which are pro-
duced in model N20-2-3D due to the shock-heating of the ejecta: Mshock(44Ti) ' 20.1 · 10−6 M� and
Mshock(56Ni) ' 4.9 · 10−2 M�. By comparing these amounts with the corresponding ones which are
produced in the models N20-4-3D and N20-2-3D, we can say that there is a linear dependence be-
tween the synthesized 44Ti and the explosion energy of the SN, since in model N20-2-3D the amount
of 44Ti is almost twice as in model N20-4-3D, the latter having half of the explosion energy of the for-
mer. The production of 56Ni, instead, is about 1.6 higher in the N20-2-3D case than in the N20-4-3D
case.
After having seen the progenitor and explosion energy impacts on the production of 44Ti and 56Ni in
the SN shock processed matter, we investigate, in the next section, the dependence of the production of
these isotopes on the dimensionality of the simulations, namely we want to investigate the difference
between 3D and 1D models.

5.5 Results II: dimensionality dependence of the production of 44Ti
and 56Ni

In this section, we consider the production of 44Ti and 56Ni in supernova simulations performed in 1D
for the same 20 M� mass progenitor considered in the previous section. This allows us to investigate
the difference between the nucleosynthesis yields produced in 1D and 3D thanks to the comparison
between model N20-4-3D and the 1D models N20-4-1D and N20-8-1D (see Tab. 5.1). In Fig. 5.14,
we show the logarithm of X(44Ti) (left) and of X(56Ni) (right) in the peak T-D plane. By comparing
this figure with the 3D counterpart in Fig. 5.8, we notice that the range of values of ρpeak in the 1D
case is lower than in the 3D case, while the Tpeak values are similar. Furthermore, the width of the
band in which the values of X(44Ti) and X(56Ni) are confined is much narrower than in the 3D case,
as expected from the asymmetries of the 3D model. In the 1D case as well, we can distinguish the
different burning regimes in the peak T-D plane, namely at higher Tpeak and ρpeak we can identify the
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α-rich freeze out region, while at Tpeak ' 5.2 GK, the thin chasm appears in the X(44Ti) distribution,
while nothing similar appears for X(56Ni) (see discussion in Sect. 5.4.3). Similarly to the 3D case,
for model N20-4-1D as well, the significant production of 44Ti and 56Ni ends at Tpeak ' 4 GK. Once
again, the reason for this can be seen in Fig. 5.15, where we show X(44Ti) and X(56Ni) (left) and Tpeak
and ρpeak (right) as functions of the initial radius rin. The “raining” points in the X(44Ti) and X(56Ni)
distribution are due to the fact that at very similar values of rin, Tpeak and ρpeak can have very different
values (e.g., at rin ' 3.2 · 108 cm). If Tpeak and ρpeak had a strict monotonic behavior as a function of
rin, then we would expect the 44Ti and 56Ni distributions to be very narrow (almost constant) up to the
region where the thin chasm (at rin ' 3.5 · 108 cm) is approached, and afterwards both X(44Ti) and
X(56Ni) decrease significantly.
In Fig. 5.16, we depict the logarithm of X(44Ti) as a function of X(56Ni) for model N20-4-1D. Sim-
ilarly to the 3D model N20-4-3D, in this case as well, we can distinguish the “four components” in
X(44Ti) which describe the passage through different transition phases in the production of 44Ti in the
peak T-D plane, namely from α-rich freeze out (3rd and 4th components) to Si-rich freeze out (1st and
2nd). For a detailed discussion of the formation of the different components, we refer to Sect. 5.4.1
and 5.4.2. The main difference between Figs. 5.16 and 5.10 is the width of the components, which is
much larger in 3D than in 1D. This is a natural consequence of the fact that in 3D, at the same initial
radius, the matter can experience very different Tpeak and ρpeak depending on the angle at which the
shock wave hits the matter (see Sect. 5.4.3), differently from 1D where, by construction, this cannot
happen (only radial dependence). In Tab. 5.1, we point out the different mass resolution used for our
tracer particles in 3D and 1D, which can also make a small difference in the distributions of 44Ti as a
function of 56Ni. In Figs. 5.17 and 5.18, we display, analogously to Figs. 5.11 and 5.12, the location
of each component of 44Ti and 56Ni in the peak T-D plane. Similar to the 3D cases, we can distinguish
the regions of the α-rich freeze out (3rd and 4th components), the Si-rich regime (1st and 2nd compo-
nents), and, as expected, the thin chasm at Tpeak ' 5.2 GK. In Fig. 5.19, we show the histogram of
the mass of 44Ti (left) and 56Ni (right) in M� produced in the shock-heated ejecta of each of the four
components. As expected, the most of the mass contribution comes from the 4th and 3rd components.
In total, for model N20-4-1D, we get Mshock(44Ti) ' 5.2 · 10−6M� and Mshock(56Ni) ' 1.4 · 10−2M�.
In particular, the amount of 44Ti produced in 1D is about a factor of 1.6 lower than in 3D. In fact, the
model N20-4-1D has a much lower explosion energy than the N20-4-3D model (see Tab. 5.1). This
is due to the fact that in 1D the explosion sets in much later than in 3D (see Fig. 5.20), because in
3D convective motions and instabilities support the explosion, while in 1D this is not possible due to
the symmetry restrictions (e.g., Hanke et al. 2012). This can also be seen in the rin range in which
nucleosynthesis occurs, namely for the 1D model the nucleosynthesis due to the SN shock wave prop-
agation starts at rin ' 3.2 · 108 cm (see Fig. 5.15), while in the 3D case it starts at smaller radii,
rin ' 2.5 · 108 cm, as it can see in Fig. 5.9. In order to better constrain the differences between the
amount of 44Ti and 56Ni produced in 1D and 3D, we even construct a 1D model which is similar to
the 3D model as much as possible, as discussed in the next paragraph.

Impact of the shock propagation on the production of 44Ti and 56Ni

In this paragraph, we discuss the production of 44Ti and 56Ni in the SN explosion of the 1D model
N20-8-1D. This model is set up in such a way that the evolution of the shock radius is similar to
the one of model N20-4-3D and the explosion sets in more or less at the same time as for the model
N20-4-3D. In Fig. 5.20, together with the explosion energy (left), we show the average shock radius
(right) for all the considered models with a mass M of 20 M�. The average SN shock radius is defined
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Figure 5.14 Left: Logarithm of mass fraction of 44Ti as a function of the peak density and peak tem-
perature reached by the matter due to the passage of the shock wave during the supernova explosion
of the 1D model N20-4-1D. Right: Same as left, but for 56Ni.

as:
〈Rs〉 ≡

1
4π

∫
Rs(θ, φ)dΩ, (5.5)

where dΩ = sin θdθdφ, and Rs(θ, φ) is the angle-dependent value of the SN shock radius. In the
blue and green boxes we outline the relevant values of radii and postbounce times at which the ex-
plosive nucleosynthesis happens, as we can see by comparing with the rin values in the histograms
of Figs. 5.13 and 5.19. In Fig. 5.20, we notice that, at the postbounce time which is relevant for
explosive nucleosynthesis (t ∼ 0.5 − 0.6 s), the model N20-8-1D has an explosion energy similar
to the one of model N20-4-3D (Eexp ' 1.5), therefore we expect the amounts of 44Ti and 56Ni pro-
duced in model N20-8-1D to be similar to the ones of model N20-4-3D. The amounts of 44Ti and
56Ni produced in the shock-heated ejecta of model N20-8-1D are: Mshock(44Ti) ' 8.3 · 10−6M� and
Mshock(56Ni) ' 3.5 · 10−2M�. These values are similar to those obtained for the model N20-4-3D,
suggesting that the explosion energy and the propagation of the shock radius, more than the dimen-
sionality, play the leading role in the production of 44Ti and 56Ni.
In Tab. 5.3, we summarize the amounts of 44Ti and 56Ni determined by post-processing the shock-
heated ejecta of each of the corresponding models.
Before comparing our results with the observations and discussing them in a more general context,
we have to wonder how accurate are the amounts of 44Ti and 56Ni which we predict with our nuclear
reaction network. One of the main uncertainties is related to the not very precise knowledge of some
reaction rates which play a crucial role in determining the nucleosynthesis yields. In particular, the
amount of synthesized 44Ti depends mainly on the following reactions (see The et al. 2006, Magkot-
sios et al. 2010): 40Ca(α,γ)44Ti and 44Ti(α,p)47V, the former being responsible for its creation, the
latter for its destruction.
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Figure 5.15 Left: Mass fraction X of 44Ti and 56Ni of the post-processed trajectories of model N20-4-
1D from Wongwathanarat et al. (2014) as a function of the initial radius rin. Right: Peak temperature
Tpeak in GK (upper panel) and logarithm of peak density in g/cm3 (lower panel) reached by the post-
processed trajectories as a function of initial radius.

Table 5.3 For each of the considered models, we report the amounts of 44Ti and 56Ni synthesized in
the shock-heated ejecta.

Model Mshock(44Ti) Mshock(56Ni)
10−6M� 10−2M�

W15-1-3D 8.3 4.1
W15-2-3D 8.7 4.2
N20-2-3D 20.1 4.9
N20-4-3D 8.6 3.0
N20-4-1D 5.2 1.4
N20-8-1D 8.3 3.5
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Figure 5.16 Same as Fig. 5.10, but for the 1D model N20-4-1D.



5.5 Results II: dimensionality dependence of the production of 44Ti and 56Ni 97

 6

 7

 8

 4  5  6  7  8  9

lo
g

1
0
(ρ

p
ea

k
) 

[g
/c

m
3
]

Tpeak [GK]

1
st

 Component 
44

Ti Distribution N20-4-1D

-10

-8

-6

-4

-2

 0

 6

 7

 8

 4  5  6  7  8  9

lo
g

1
0
(ρ

p
ea

k
) 

[g
/c

m
3
]

Tpeak [GK]

1
st

 Component 
56

Ni Distribution N20-4-1D

-10

-8

-6

-4

-2

 0

 6

 7

 8

 4  5  6  7  8  9

lo
g

1
0
(ρ

p
ea

k
) 

[g
/c

m
3
]

Tpeak [GK]

2
nd

 Component 
44

Ti Distribution N20-4-1D

-10

-8

-6

-4

-2

 0

 6

 7

 8

 4  5  6  7  8  9

lo
g

1
0
(ρ

p
ea

k
) 

[g
/c

m
3
]

Tpeak [GK]

2
nd

 Component 
56

Ni Distribution N20-4-1D

-10

-8

-6

-4

-2

 0

Figure 5.17 In each panel, we show the logarithm of the mass fraction of 44Ti (log10[X(44Ti)]) and
56Ni for each of the considered “1st and 2nd components” (see Fig. 5.16 and text) of model N20-4-1D
as functions of the logarithm of the peak density log10(ρ) in g/cm3 and of the peak temperature in GK.
The panels on the left refer to 44Ti, while the ones on the right to 56Ni.
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Figure 5.18 Same as Fig. 5.17, but for the third (3rd) and fourth (4th) components of model N20-4-1D
(see Fig. 5.16 and text).
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Figure 5.19 Left: Histogram of the mass distribution in M� of 44Ti as function of the initial radius for
each of the considered “components” (see Fig. 5.16) of the 1D model N20-4-1D. Right: Same as left,
but for 56Ni.
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Figure 5.20 Left: Explosion energy Eexp in Bethe as a function of the postbounce time for each of the
considered models with M = 20 M�. Right: Similar to the left, but for the average shock radius 〈Rs〉.
The blue and green boxes indicate approximately the relevant radii and postbounce times at which the
explosive nucleosynthesis occurs (compare with rin in histograms in Figs. 5.13 and 5.19).
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5.6 Sensitivity study of the production rates of 44Ti

In this section, we discuss the impact of the reaction 44Ti(α,p)47V on the production of 44Ti, since it
deeply impacts the yields of 44Ti (The et al. 2006) and since we only have upper limit values of its
rate λ0. Recently, Margerin et al. (2014), performing measurements of λ0 within the Gamow window,
have concluded that its value may be smaller than estimated by previous theoretical predictions (as the
one which we use, taken from Cyburt et al. 2010), at least by a factor of about 2.2. In order to test its
impact on the produced amount of 44Ti in the shock-heated ejecta, we randomly choose 20 particles
from the 3rd and 4th components7 of 44Ti of model N20-4-3D. Then, we change by hand the rate λ0
of the reaction 44Ti(α,p)47V and of its inverse reaction in order to fulfill the detailed balance theorem.
We explore the consequences of three different possible values of the aforementioned reaction rate:
λ1 = 1/2 · λ0, λ2 = 1/100 · λ0 and λ3 = 0 · λ0. Then, we calculate the average value of 〈X(44Ti)〉 j,k,
for the 3rd and 4th components over the 20 chosen representative trajectories:

〈X(44Ti)〉 j,k =

20∑
i=1

Xi, j,k(44Ti), (5.6)

where k = 3rd, 4th and λ j, j = 0, 1, 2, 3. In order to get a rough idea about the impact of each λ j on the
produced mass of 44Ti in the 3rd and 4th components (M j,k), we use the following relation:

M j,k = M0,k ·
〈X(44Ti)〉 j,k

〈X(44Ti)〉0,k
, (5.7)

where M0,k is the mass of 44Ti produced in the 20 representative post-processed trajectories corre-
sponding to the rate λ0 (second column in Tab. 5.4). In Tab. 5.4, we report the mass of 44Ti (in units
of 10−6M� ) which is produced in the 3rd and 4th components for λ1 = 1/2 · λ0, λ2 = 1/100 · λ0,
λ3 = 0 · λ0. We also show the total amount of 44Ti which is produced in each of the considered cases:
M j =

∑
k M j,k.

In particular, from the ratio M1/M0 ' 1.5, we deduce that the amount of 44Ti produced in the shock-
heated ejecta is underestimated in our calculations (see Tab. 5.3) by, at least, a factor of about 1.5.
We will take into account its implications in the next section, where we will compare our results with
other theoretical works and observations.

5.7 Comparison with observations and other theoretical works

Several theoretical and observational efforts have been made in order to estimate the amount of 44Ti
and 56Ni which are produced in SN 1987A and Cas A. The proximity of SN 1987A, which exploded in
the Large Magellanic Cloud, allowed the very first detection of γ-ray lines from the radioactive process
56Ni−→56Co−→56Fe (Matz et al. 1988). This discovery made also clear how 56Fe is produced. The
appearance of the γ-ray lines of 56Co six months earlier than expected from spherical SN models
suggested that the ejecta of the SN were asymmetric, and 56Co was driven close to the surface by

7We choose only the 3rd and 4th components, since they contain about 94% of the total produced 44Ti. Therefore, the esti-
mate of the contribution from the 1st and 2rd components to the production of 44Ti is not very relevant in this sensitivity
study.
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Table 5.4 Mass fraction of 44Ti produced in the 3rd and 4th components of model N20-4-3D, obtained
by changing the reaction rate (λ0) of 44Ti(α,p)47V by a factor of 1/2,1/100, and 0 which correspond to
the rates λ1, λ2 and λ3, respectively. Notice that we only consider the 3rd and 4th components, since
they contain 94% of the total amount of produced 44Ti.

Mshock(44Ti) λ0 λ1 λ2 λ3
10−6M�
M j,3 1.00 1.64 9.21 21.40
M j,4 7.10 10.65 48.47 102.12
M j 8.10 12.29 57.68 123.52
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Figure 5.21 Schematic representation of the decay of 44Ti (44Ti→44Sc→44Ca) which results in the
emission of three lines of a similar intensity at about 68, 78, and 1157 keV. Recently, the space-based
high-energy X-ray telescope NuS T AR, which operates in the band 3-79 keV, has detected the lines at
68 and 78 keV in Cas A (Grefenstette et al. 2014).
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Figure 5.22 Total mass of 44Ti produced in our models as a function of the corresponding amount of
synthesized 56Ni. The black line refers to the models W15-3D, the red line to the models N-20-3D,
while the green line to the models N-20-1D. We also indicate next to each model the corresponding
explosion energy Eexp. The black dashed rectangle refers to the yields produced in the shock-heated
ejecta plus the ones produced in the ν-heated ejecta of model W15-2-3D, and then corrected by a
factor of about 1.5 due to the uncertainties of the reaction rate of 44Ti(α,p)47V (see text for details).

hydrodynamic instabilities (see Prantzos 2010 and references therein). The amount of produced 56Ni
of SN 1987A is inferred from lightcurves. The standard value is 56Ni∼ 0.07 M� (e.g, Seitenzahl et al.
2014). Up to now, 44Ti has not yet been directly detected in SN 1987A. From modeling of the UVOIR
light curves, different values of the amount of produced 44Ti have been predicted, which do not always
agree with each other, neither within the respective uncertainties. For example, from analysis of X-ray
data taken from INT EGRAL, Grebenev et al. (2012) suggest a value of (3.1 ± 0.8) · 10−4 M�, while
UVOIR light curves analysis of Seitenzahl et al. (2014) indicate a value (0.55 ± 0.17) · 10−4 M�.
Another well known example of SN explosion is the ∼ 340 yr old Cas A, which is located at a
distance of about 3.4 kpc from Earth (Prantzos 2010). By estimates of the extinction towards Cas
A and the Fe mass from X-ray observations, Eriksen et al. (2009) predict the mass of 56Ni to be in
the range (0.58 − 0.16) M�. In 2012 and 2013, the space-based Nuclear Spectroscopic Telescope
ARray (NuS T AR), which operates at high-energy X-ray (3-79 keV), observed Cas A. Grefenstette
et al. (2014) suggest for the produced amount of 44Ti a value of (1.25 − 0.3) · 10−4 M�, by measuring
the flux of decay lines of 44Ti at about 78 and 68 keV (see a schematic representation of this process
in Fig. 5.21).



5.7 Comparison with observations and other theoretical works 103

Summarizing, from direct or indirect observational data, we have:

Mobs(44Ti) ' (0.55 − 3.1) · 10−4 M�, (5.8)

Mobs(56Ni) ' (5.8 − 16.0) · 10−2 M�. (5.9)

Theoretically speaking, different predictions have been made for the amounts of 56Ni and 44Ti synthe-
sized in SNe. Spherically symmetric (1D) models of SN 1987A produce, in general, a few 10−5 M�
44Ti (Seitenzahl et al. 2014). For example, Perego et al. (2015) using the method PUSH to produce a
1D SN explosion, which better fits to the produced amounts of 56Ni in SN 1987A, predict an amount
of 3.99 ·10−4 M� for 44Ti. Concerning Cas A, Magkotsios et al. (2010) post-processed the trajectories
of a 1D SN model from Young et al. (2008), whose progenitor was designed to match Cas A, and got a
value of 1.04 ·10−4 M� for 44Ti and of 2.46 ·10−1 M� for 56Ni. While using a two-dimensional rotating
15 M� model of Fryer & Heger (2000), they obtain a higher value for 44Ti, namely 6.98 · 10−4 M�,
and a value of 3.89 · 10−1 M� for 56Ni. As we can see from these examples, different models predict
very different amounts of 56Ni and 44Ti in CCSNe. All the above examples have to face the problem
of mass cut and the simulations do not follow the SN shock long enough, and therefore hydrodynamic
trajectories have to be extrapolated in order to be able to perform nucleosynthesis calculations.

On the other hand, our models do not suffer the problem related to the mass cut and are simulated
long enough, but still our simplified neutrino transport does not allow us to accurately determine Ye,
which has a big impact in determining the amount of 56Ni and 44Ti, as we showed in Sect. 5.4.2. In
Fig. 5.22, we show a summary of the amounts of 56Ni and 44Ti, which we obtain for each model,
in 1D or 3D, in the shock-heated ejecta. The black dashed rectangle refers to the yields produced in
the shock-heated ejecta plus the ones produced in the ν-heated ejecta of model W15-2-3D and then
corrected by a factor of about 1.5 due to the uncertainties of the rate of the reaction 44Ti(α,p)47V (see
Sect. 5.6):

Mtheo(44Ti) ' (0.24 − 2.40) · 10−4 M�, (5.10)

Mtheo(56Ni) ' (4.30 − 9.60) · 10−2 M�. (5.11)

The filled rectangles correspond to the above mentioned observational values concerning SN 1987A
and Cas A. As we can see, after taking into account the uncertainties related to our model, especially
the huge ones of Ye in the ν-heated ejecta, the yields of 56Ni and 44Ti which we predict match quite
well with the ones suggested from observations. Of course, our theoretical amounts suggested for 56Ni
and 44Ti have to be taken with the necessary caveat, since a better neutrino transport is mandatory in
order to be able to accurately predict the value of Ye in the ν-heated ejecta and, therefore the amount
of synthesized nuclei as well.
However, due to the fact that most of the amounts of 56Ni and 44Ti are produced in the same conditions,
namely in the α-rich freeze out regime with Ye ' 0.5, their spatial distribution is not affected by the
uncertainties related to the exact amount which is produced. In Fig. 5.23 (upper panel) we show the
combined spatial distributions of 44Ti (blue) and 56Ni (green) for model W15-1-3D (left) and model
W15-2-3D (right), see also Sect. 5.4.2 for more details. In both models we see, as expected, that, in
general in regions where there is a lot of 44Ti, there is also a lot of 56Ni. Additionally, in Fig. 5.23
(lower panel), we show the spatial distribution of Cas A done using data from Chandra and NuS T AR
(Grefenstette et al. 2014): 44Ti is depicted in blue, while 56Fe is shown in red (decay product of
56Ni). From the spatial distributions of these isotopes, symmetric explosions for Cas A, as well as
highly asymmetric bipolar explosions resulting from a very fast progenitor are ruled out. Instead,
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they provide strong evidence for the development of low-mode convective instabilities in CCSNe
explosions (Grefenstette et al. 2014). By comparing the spatial distribution of 56Ni and 44Ti of model
W15-2-3D (right) with the image of Cas A, we can say that the asymmetries used to set up the SNe
explosion match quite well to what is observed. Inspecting the image of Grefenstette et al. (2014)
it looks like there is no correlation between the spatial distribution of 44Ti, which is observed in the
unshocked interior of the remnant, and 56Fe, contrary to what we would expect from all our models.
Grefenstette et al. (2014) suggest that maybe the unexpected correlation is due to the fact that, in the
unshocked ejecta, we cannot see the X-ray emission lines of 56Fe. Furthermore, recently, Milisavljevic
& Fesen (2015) did a near-infrared imaging of Cas A and a 3D map of its interior unshocked ejecta.
They suggest that the interior of Cas A has a bubble-like morphology and that a lot of 56Fe could be
still in these cavities, which would confirm our theoretical results concerning the correlation between
56Ni and 44Ti.

5.8 Conclusions

In this chapter, we investigated the production of the radioactive isotopes 44Ti and 56Ni in core-
collapse supernovae (CCSNe). These isotopes can help us in shedding light on the mechanism which
is behind CCSNe explosions. In fact, their spatial distributions and produced amounts are strictly
connected to the asymmetries, explosion energy, peak temperatures and densities which are reached
during the explosion.
We examine the production of 44Ti and 56Ni in a set of 15 M� and 20 M� progenitors, whose SN
explosion is performed in 3D and 1D (Wongwathanarat et al. 2013, 2014). The SN explosion is per-
formed using the so-called light-bulb neutrino approach (Wongwathanarat et al. 2013). The choice
of our models allows us to investigate different aspects of the production of 44Ti and 56Ni: progeni-
tor, explosion energy, explosion asymmetry and dimensionality dependence. Our main results can be
summarized as follows:

• Independently from the progenitor structure and the explosion conditions, we always see a
strong correlation between the production of 44Ti and 56Ni. The correlations are a natural con-
sequence of the different nuclear burning regimes where 44Ti and 56Ni are produced (especially
α-rich freeze out and Si-rich freeze out). However, the detailed features of these correlations
are dimensionality and explosion model dependent;

• The amount of the produced 44Ti does not depend on the progenitor, as much as 56Ni does. We
get the same amount of synthesized 44Ti in both models, but a smaller amount of produced 56Ni
in the 20 M� progenitor than in the 15 M� progenitor;

• There is an almost linear relation between the explosion energy (Eexp) and the produced amount
of 44Ti and 56Ni;

• The asymmetries at the onset of the explosion play a crucial role in determining the spatial
distribution of 44Ti and 56Ni, while the produced amounts depend mainly on the explosion
energy;

• By comparing the 3D and 1D models, we conclude that the explosion energy as well as the
propagation of the shock radius play a crucial role in determining the synthesized amounts of
44Ti and 56Ni;
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• Due to the limitations of the light-bulb neutrino approach in determining the neutrino proper-
ties, which deeply impact the electron fraction of the matter, and therefore the nucleosynthesis
outcome, we made different assumptions about Ye in the matter heated by neutrinos. On the one
hand, we simply took Ye from the simulations and then performed nucleosynthesis calculations.
On the other hand, we took Ye from the progenitor. The contribution of the ν-heated matter to
the total amount of produced 44Ti and 56Ni can be very important;

• The production of 44Ti sensitively depends on the reaction rate of 44Ti(α,p)47V (The et al.
2006). Following the recent results of Margerin et al. (2014), we get a production factor for
44Ti of about 1.5 greater than the one obtained using the reaction rates of Cyburt et al. (2010);

• Taking into account the uncertainties related to Ye in the matter heated by neutrinos and those
related to the not well constrained reaction rate of 44Ti(α,p)47V, the produced amounts of 44Ti
and 56Ni in our models are consistent with whose given by direct or indirect SN observations;

• By comparing the spatial distribution of 44Ti and 56Ni produced in one of our models with the
one of Cas A (Grefenstette et al. 2014; Milisavljevic & Fesen 2015), we see a general good
agreement, confirming the robustness of the neutrino-driven explosion mechanism.

However, our results are affected by the fact that the SN explosion is done in an approximate way,
since neutrinos are not treated self-consistently. In particular, the exact amounts of the produced iso-
topes 44Ti and 56Ni sensitively depend on the electron-fraction, which is influenced by the β-reaction.
Therefore, if the interaction of the matter with neutrinos becomes important, then we cannot accu-
rately predict the amount of 44Ti and 56Ni which are produced in SN explosions, but can only give
upper/lower limits according to our assumptions about Ye.



106
5. Hints on the Explosion Mechanism of Core-Collapse Supernovae from the Study of the

Production of 44Ti and 56Ni

Figure 5.23 Upper panel: Surface densities Σ of the distribution of 44Ti (blue color) and 56Ni (green
color) of model W15-1-3D (left), and of model W15-2-3D (right). The white arrows show the kick
direction of the compact remnant. The length of the arrows doesn’t correspond to the kick magnitude.
The red “+” sign marks the center of the explosion (coordinate origin), while the white “x” marks the
current position of the NS. The maps show the distributions at time t = 37562.3 s and t = 50321.6 s
for W15-1-3D and W15-2-3D, respectively. (Images are courtesy of Annop Wongwathanarat). Lower
panel: Fig. 3 of Grefenstette et al. (2014) showing comparison of the spatial distribution of 44Ti
with known Fe K emission in Cas A. The 44Ti observed by NuS T AR is shown in blue. The 44Ti is
resolved into distinct knots and is non-uniformly distributed and almost entirely contained within the
central 100 arcsec. In green is shown the Chandra ratio image of Si/Mg band, which highlights the
jet/contour-jet structure. In white is shown the continuum emission band 4 to 6 keV and the spatial
distribution of X-ray bright Fe (red) seen by Chandra.



6 Summary and Conclusions

In this work, we have investigated different aspects of the nucleosynthesis in core-collapse super-
novae (CCSNe). After giving a brief summary of the reasons why CCSNe are interesting sites for the
production of the chemical elements in chapter 1, we presented the tools which we use to perform
nucleosynthesis calculations in chapter 2.
In chapter 3, we have investigated the impact of the nucleon potential correction on the neutrino
spectra, and therefore on the electron fraction (Ye) in the neutrino-driven wind (ν-driven wind) of an
8.8 M� progenitor electron-capture supernova (ECSN) (Hüdepohl et al. 2010). The aforementioned
corrections can have important consequences for the nucleosynthesis in the ν-driven wind (Martı́nez-
Pinedo et al. 2012; Roberts et al. 2012).
In order to perform our study, we have parametrized the electron neutrino and antineutrino spectra
using different prescriptions, while adopting the hydrodynamic trajectories of the sophisticated simu-
lation of Hüdepohl et al. (2010). We have also made different assumptions about the physics involved
in the electron neutrino and antineutrino opacities, namely we have included or omitted the weak
magnetism and recoil corrections (Horowitz & Li 1999). Furthermore, we have investigated differ-
ent assumptions about the evolution of Ye in the ν-driven wind. In one case, we have performed full
network calculations which have allowed us to properly take into account all dynamical effects (e.g.,
α-effect, see McLaughlin et al. 1996). In another case, we have made some assumptions about the
nuclear composition or simply assumed that an equilibrium configuration applies to Ye.
Since the evolution of Ye in the ν-driven wind is time dependent, we have explored three different
trajectories representing the different phases of the ν-driven wind evolution. One at a postbounce time
t0 = 0.5 s (early phase), one at t0 = 2.9 s (intermediate phase) and one at t0 = 6.5 s (late phase).
The main results of this project can be summarized as follows:

• The weak magnetism and recoil corrections can deeply impact Ye. They can increase its value
(especially in the late phases of the ν-driven wind) compared to the case where they are not
included or decrease it (mostly in the early phases of the ν-driven wind);

• The α-effect tends to push the value of Ye towards 0.5. This effect is very evident in the late
phases of the ν-driven wind;

• The equilibrium assumptions about Ye are fulfilled in the intermediate and late phases of the
ν-driven wind. In the early phases of the ν-driven wind, full network calculations are needed
for an accurate knowledge of the value of Ye;

• For electron neutrino and antineutrino parameters (luminosities and mean energies) not very
far from the ones given by the hydrodynamic simulations, the matter in the ν-driven wind is
proton-rich rather than neutron-rich.

However, a proper inclusion of the nucleon potential corrections in the hydrodynamic simulations is
necessary in order to accurately predict Ye, and therefore the outcome of the nucleosynthesis.
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In chapter 4, using the aforementioned ECSN of Hüdepohl et al. (2010), we have investigated another
aspect of the neutrino properties. Namely, the impact of neutrino flavor oscillations, with or without
the inclusion of an eV-mass sterile neutrino, on the nucleosynthesis in the ν-driven wind. On the one
hand, we have considered the oscillations among two active neutrino flavors driven by the atmospheric
mass difference and the mixing angle θ13. On the other hand, motivated by hints about the possible
existence of eV-mass sterile neutrinos, we have considered the oscillations between two active neutri-
nos and one sterile neutrino. The mixing parameters are suggested by the so-called reactor anomaly
(Mention et al. 2011). In this case as well, we have investigated three trajectories which are represen-
tative of the different evolution phases of the ν-driven wind (early, intermediate and late).
The main results concerning our model (without inclusion of the nucleon potential corrections) are:

• Neutrino oscillations among active flavors do not play any important role in the outcome of the
nucleosynthesis, since they take place too far away from the proto-neutron star, where Ye has
already reached its asymptotic value;

• The competition between the α-effect and neutrino oscillations with sterile neutrinos plays a
significant role in setting the value of Ye. The α-effect can enhance as well as reduce the impact
of MSW νe-νs conversions on Ye, depending on the radial position where the inner and outer
MSW resonances take place relative to the formation of the α particles;

• In the early phase of the ν-driven wind, both MSW resonances occur before the α-effect takes
place and Ye remains above 0.5. At intermediate times, there is an overlap between the outer
MSW resonance and the α-effect. In this case, the efficiency of νe-νs oscillations in lowering Ye

is damped and Ye > 0.5. At late times, the outer MSW resonance occurs before the α-effect,
which further enhances the impact of νe-νs oscillations in lowering Ye. However, Ye is always
greater than 0.5;

• If neutrino oscillations are not taken into account, then Ye is greater than 0.5 in the ν-driven wind
and only Fe-group and some proton-rich nuclei are produced, but with very small production
factors. The contribution to the total amount of the nucleosynthesis yields of this ECSN is
negligible, especially compared to the yields of the same ECSN produced in the early ejecta of
2D explosion models (Wanajo et al. 2011, 2013a,b);

• Due to the strong competition between the α-effect and neutrino flavor oscillations, Ye in the
ν-driven wind of our ECSN does never become lower than 0.5, excluding the possibility for
the r-process to occur. The nucleosynthesis yields with neutrino oscillations, even including a
sterile flavor, are very similar to the ones without neutrino oscillations. This is always due to
the α-effect which dominates over neutrino oscillations.

Furthermore, we have constructed different toy models to mimic the effects of nucleon potential cor-
rections on Ye in our ν-driven wind model (using some prescriptions similar to whose in chapter 3),
such that the matter becomes neutron-rich. Then, in these neutron-rich conditions, we have taken into
account neutrino flavor oscillations, similarly to what discussed above. In some cases, the neutrino
oscillations to sterile flavors can make the matter more proton-rich than without neutrino oscillations.

In general, we conclude that neutrino oscillations with or without sterile neutrinos are unlikely to help
in making the matter significantly neutron-rich so that the r-process can occur.
However, more investigations with other progenitors (especially heavier ones) are needed in order to
shed light on the impact of neutrino flavor oscillations on the nucleosynthesis in CCSNe.
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In chapter 5, we have examined the production of 44Ti and 56Ni during the explosion of CCSNe. The
produced amounts and spatial distributions of these radioactive isotopes can give us hints about the
explosion mechanism behind CCSNe (e.g., Grefenstette et al. 2014; Milisavljevic & Fesen 2015).
In particular, we have examined a set of 15 M� and 20 M� progenitors, whose SN explosions were
simulated using the light-bulb neutrino approach (Wongwathanarat et al. 2013, 2014). The choice of
our models has allowed us to investigate the dependence of the production of 44Ti and 56Ni on different
aspects: progenitor, explosion energy, explosion asymmetry and dimensionality (3D and 1D). Due to
the limitations of our neutrino transport we have separated our ejecta in two different sets. On the
one hand, we have considered only the matter which is heated up by the passage of the SN shock
wave. On the other hand, we have considered the matter which interacts with neutrinos and made
some assumptions about Ye. In one case, we have adopted Ye given by our limited neutrino transport.
In another case, we have simply taken the pre-collapse progenitor Ye. Since the amount of 44Ti is
extremely sensitive to the reaction rate of 44Ti(α,p)47V, which is not well constrained experimentally
(Margerin et al. 2014), we have also made some tests about its impact on the production of 44Ti. The
main results of this project are summarized in the following:

• In each model, we find strong correlations between the production of 44Ti and 56Ni. These
correlations are intrinsic to the nuclear burning regimes in which these isotopes are produced
(e.g., the α-rich and Si-rich freeze out regimes);

• We do not see a clear progenitor dependence of the production of 44Ti and 56Ni. In fact, the
amount of 44Ti which is synthesized in the models with a 15 M� mass is similar to the corre-
sponding one produced in the models with a 20 M� mass. In the heaviest models, less 56Ni is
produced than in the lightest ones;

• By comparing the SN models with the same mass, but different explosion energies, we see an
almost linear dependence between the production of 44Ti (56Ni) and the SN explosion energy;

• By comparing models with the same mass and explosion energy, but different asymmetries at
the onset of the SN explosion, we notice that the amounts of the produced 44Ti and 56Ni are
very similar. On the contrary, their spatial distributions can be completely different, depending
on the adopted asymmetries;

• From the investigation of 3D and 1D models, we conclude that the explosion energy as well as
the propagation of the SN shock wave play an important role in the production of our isotopes
of interest;

• The amount of 44Ti and 56Ni synthesized in the neutrino-heated ejecta can be extremely signif-
icant, depending on Ye. The production of these symmetric nuclei is maximized if Ye = 0.5,
which is similar to the one of the pre-collapse model;

• Using the experimental limit of the reaction rate of 44Ti(α,p)47V (Margerin et al. 2014), we get
a production factor for 44Ti of about 1.5 higher than the one we obtain using the reaction rates
of Cyburt et al. (2010);

• Taking into account all the above mentioned uncertainties, the amounts of the produced 44Ti and
56Ni in our models are consistent with the observational data, within the error bars. Further-
more, the spatial distributions of 44Ti and 56Ni, which are not affected by the above mentioned
uncertainties, are also consistent with the observations. In particular, the puzzling uncorrelation
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between the 44Ti and 56Ni distributions in Cas A shown in Grefenstette et al. (2014), seems
to be solved by Milisavljevic & Fesen (2015). The latter suggests that a lot of 56Ni should be
“hidden” where 44Ti is observed. In fact, we cannot observe it, because it has not yet been
shocked. This would confirm our results, in which there is always a strong correlation between
the production of 44Ti and of 56Ni.

Our results are affected, among others, by the uncertainties of the SN explosion models which we use,
for example the light-bulb neutrino approach. In particular, the amounts of the produced 44Ti and 56Ni
cannot be well constrained until the self-consistent SN explosions in 3D will tell us the accurate value
of Ye in the matter which interacts with neutrinos.

The aim of this thesis was to give some hints on the answers to certain open questions in CCSNe
nucleosynthesis. In particular, we focused on the role played by neutrinos and the radioactive isotopes
44Ti and 56Ni. The latter can give us precious indications about the asymmetries arising from the SN
explosion, and therefore about the explosion mechanism itself.

However, this thesis is only a drop in the ocean and, of course, a lot of work remains to be done in
order to understand the origin of the elements...



A Feedback of Neutrino Self-Interactions on
the Electron Fraction

Given the non-linear nature of neutrino self-interactions, in this appendix we discuss the oscillation
physics at the selected postbounce times t0 = 2.9 and 6.5 s where ν-ν interactions significantly affect
the neutrino spectral properties. In order to disentangle between the role played by ν-ν interactions
and the MSW resonances, we also discuss a simpler case obtained by switching off the neutrino self-
interaction term (i.e., including matter effects only). Here, we discuss the “sterile” case with the
prescription (ii) in Sect. 3 for α particles, namely without taking into account the α-effect.

A simple quantity that can be introduced in order to have an idea about the locations of the active-
sterile MSW resonances is the refractive energy difference between νe and νs caused by matter and
neutrino refraction (see Sect. 4.4):

Ves = Hm+νν
ee − Hm+νν

ss =
√

2GF

[
Nb

(
3
2

Ye −
1
2

)
+ 2(Nνe − Nν̄e) + (Nνx − Nν̄x)

]
. (A.1)

We show Ves (Eq. A.1) as a function of radius at t0 = 2.9 s in the top left panel of Fig. A.1. This profile
already includes a self-consistent solution of Ye. The regions where we should expect the inner and
outer active-sterile MSW resonances are defined by the intersection of the Ves profile with the ±ωS

lines (corresponding to the typical oscillation frequency of 15 MeV ν and ν̄, see Eq. 22): The MSW
resonances should occur at rIR ' 2× 106 cm for ν and ν̄ and at rOR ' 4.5× 106 cm for neutrinos only.

In the “matter background” case, the νe → νs conversions are more abundant than the antineutrino
ones, as already discussed in Sect. 4.5. Correspondingly, the electron fraction (fourth panel of Fig. A.1
on the left) is lower than the one in the case without oscillations. The outer resonance occurs at
rOR ' 50 × 105 cm only for neutrinos and it favors an even lower value of the electron fraction.

In the “matter+ν background” case, the inner MSW resonance takes place at the same radius as in the
“matter background” case (see second and third panels on the left of Fig. A.1), but a slightly lower
fraction of the νe are converted to νs because of Hνν , 0. Moreover, it is clear by comparing the
second and the third panels of Fig. A.1, that the ν-ν interaction term is responsible for replenishing the
νe flux before the outer active-sterile MSW resonance occurs at rOR ' 5 × 106 cm. Correspondingly,
the electron fraction increases compared to the case without oscillations close to the neutrinosphere
and decreases afterwards because of the outer MSW resonance. Comparing the Ye profiles in the
“matter+ν background” and “matter background” cases, we find that Ye(matter + ν) − Ye(matter) '
0.025.

The right side of Fig. A.1 shows the same quantities discussed at t0 = 2.9 s, but at t0 = 6.5 s. In the
“matter background” case, the inner MSW resonance occurs at rIR ' 1.8 × 106 cm as shown by the
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Lνe/〈Eνe〉 and Lν̄e/〈Eν̄e〉 behavior in the second panel of Fig. A.1 and by the top panel of the same
figure. In this case, almost the same amount of νe and ν̄e is converted to sterile states (due to the
steepness of the matter potential as discussed in Sect. 4.5). The outer MSW resonance occurs closer
to the inner one than at t0 = 2.9 s (at rOR ' 2.5× 106 cm) and it is responsible for depleting the νe flux
in favor of sterile state production. Therefore, the electron fraction, plotted in the fourth right panel of
Fig. A.1, becomes lower than in the case without oscillations.

In the “matter+ν background” case, the role played by the neutrino self-interactions is evident already
close to the inner resonance. In fact, the difference between the νe → νs and ν̄e → ν̄s flavor conver-
sions is responsible for lowering Ye compared to the case without oscillations and with “matter back-
ground” only. Soon afterwards, and in correspondence to the outer resonance, the interplay between
the matter and neutrino background and the non-linear effects due to ν-ν interactions is responsible
for partially repopulating the νe and the ν̄e sectors and, as a consequence, Ye does not decrease further
as it happens in the case at t0 = 2.9 s. Comparing the Ye profiles in the “matter+ν background” and
“matter background” cases, we find that Ye(matter + ν) − Ye(matter) ' 0.02. For both the discussed
profiles, ν-ν interactions are triggered at smaller radii than usually expected in the “active” case by
the presence of non-zero off-diagonal terms in the density matrices of neutrinos and antineutrinos,
similar to what was discussed in Dasgupta et al. (2010) for three active flavors. The role played by the
neutrino self-interactions becomes particularly evident at late postbounce times t0, because the matter
background is lower and, therefore, the effective mixing angle θ13 (Esteban-Pretel et al. 2008; Duan
et al. 2008) is larger than in the early cooling phase.
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Figure A.1 Top panel: Refractive energy difference between νe and νs (Ves) in the “sterile” case.
The horizontal lines (±ωS ) mark the oscillation frequency of a typical energy mode of 15 MeV for
neutrinos and antineutrinos. Second panel: Lνe/〈Eνe〉 and Lν̄e/〈Eν̄e〉 in units of 1051 erg/(MeV s) as
functions of distance (r) from the center of the PNS in the “sterile” case with “matter background”
and the case without oscillations for comparison. Third panel: Lνe/〈Eνe〉 and Lν̄e/〈Eν̄e〉 in the “sterile”
case with “matter+ν background” and the case without oscillations for comparison. Fourth panel:
Electron fraction Ye as a function of distance r from the center of the PNS in the “matter background,”
“matter +ν background” and “no oscillation” cases, without including the α-effect. The panels on the
left side refer to t0 = 2.9 s postbounce time, while the ones on the right to t0 = 6.5 s. The vertical line
marks the neutrinosphere radius Rν.
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