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The evolution of the hot and dense interior of massive stars has aroused the intense interest
of researchers the last more than three decades. In this article, the role of the semi-leptonic
weak interaction processes of leptons (involving neutrinos) with nucleons and nuclei in the
late stages of stellar evolution, as well as in the relevant terrestrial neutrino detection
experiments, is reviewed. Such processes play crucial role for the massive stars’ evolution
in the final stages of their life, and specifically in the core-collapse supernova leading to the
supernova explosion phenomenon. We start by mainly focusing on the neutrino producing
charged-lepton capture, like the electron-capture and the muon-capture on nuclei and,
then, we discuss the neutrino absorbing reactions which are essential in the neutrino-
driven explosive nucleo-synthesis. These processes are also significant in many ongoing
and planned worldwide underground sensitive experiments aiming to detect astrophysical
neutrinos which rely on the interactions of neutrinos with the bound nucleons inside atomic
nuclei.

Keywords: core collapse supernova, explosive nucleo-synthesis, electron capture, muon capture, neutrino-nucleus
reactions, semi-leptonic weak processes, quasi-particle RPA

1 INTRODUCTION

It is well known that stars are born out of the gravitational collapse of cool and dense molecular
clouds when they collapse into smaller regions which finally contract to form stellar cores, the proto-
stars (Bethe, 1990; Phillips, 2013; Giannaka, 2015; Woosley, 2019). Due to the contraction of proto-
stars, the central temperature increases up to the point where nuclear reactions start by firstly
converting hydrogen into helium in the core and this way the star enters the stage of the main
sequence (Fuller et al.,, 1982; Bethe, 1990; Suzuki et al.,, 2006; Phillips, 2013; Balasi et al., 2015).
Subsequently, the interior of evolved high mass stars develop layers (fusion shells) like an onion
where the outer shell drops fuel to the lower shell while heavier and heavier nuclear isotopes are being
synthesized as we move towards the center of the star (Gastaldo et al., 2017; Woosley, 2019; Cantiello
et al., 2021).

During the evolution of the massive stars (M > 8 M_{solar}, with M_{solar} being the Sun’s mass),
specifically during the late stages of their life (Fuller et al., 1982; Bethe, 1990; Oda et al., 1994), a great
number of thermonuclear reactions and among them weak interaction processes on nucleons and
nuclei like the charged-lepton capture, the neutrino production and neutrino absorption, the -decay
modes and others, play key role. In addition, other charge-changing semi-leptonic processes (the
elementary f-decay reactions, the elementary semi-leptonic v-nucleon reactions, etc.,) play also
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significant role in core-collapse supernova (SN) (Langanke and
Martinez-Pinedo, 1998; Langanke and Martinez-Pinedo, 1999).
In this review we are going to pay special attention on the main
conclusions of the state-of-the-art approaches related to the
structure and evolution of the hot and dense stellar interior,
focusing on those reactions taking place in the presence of nuclei
as well as in the plethora of terrestrial astrophysical neutrino
detection experiments.

In general, the semileptonic weak interactions in nuclei are
of great interest for many physical reasons. At first, the
accurate knowledge of the above mentioned processes
determines to a large extent the evolution of massive stars,
especially in their pre-supernova, their core-collapse
supernova (CCSN) and their explosion phase (Fischer et al,,
2020; Nagakura and Hotokezaka, 2021). Thus, the better the
cross sections we know for these semi-leptonic processes the
better the description of successful stars’ explosions is coming
out of the various SN scenarios and relevant algorithms
(explosion codes) (Langanke et al., 2001; Langanke et al.,
2003; Langanke and Martinez-Pinedo, 2003; Titus et al.,
2017). Nowadays, this knowledge needs to be extended so
as to include as great as possible number of nuclear isotopes
and number of different semi-leptonic electro-weak processes
(Titus et al.,, 2017). Furthermore, various theoretical ideas
related to the fundamental theory of the weak interactions
between the involved nuclei with leptons, may be tested
through terrestrial experiments aiming to investigate the
nuclear and particle physics of these processes (Langanke
et al.,, 2003; Bollig et al., 2017; Sieverding et al., 2019). In
addition, once the fundamental nature of the weak interactions
is fully understood, this can be used for testing the theoretical
ideas on new nuclear excited states not being accessible by the
electromagnetic interactions (O’Connell et al., 1972; Donnelly
and Walecka, 1976; Donnelly and Peccei, 1979).

Moreover, from a nuclear theory viewpoint, it is important
to note that the semi-leptonic weak processes are studied with
the same methods employed for electron-nucleus scattering
(for example, using the Donnelly-Walecka multipole
decomposition and constructing the nuclear states within
the context of the shell models, RPA, QRPA, etc.,) because
there is a close analogy between these two classes of processes
and because the electromagnetic interaction plays a similar
role to that of the weak interactions (Donnelly and Peccei,
1979; Kosmas and Oset, 1996; Ejiri et al., 2019). Due to the fact
that, the matrix elements of the vector current component of
the operators are identical in the electromagnetic electron
scattering and the weak interactions (conserved-vector-
current, CVC theory), these operators represent half of the
overall independent operators needed to describe the weak
processes (Chasioti and Kosmas, 2009; Tsakstara and Kosmas,
2011a; Tsakstara and Kosmas, 2011b; Tsakstara and Kosmas,
2012). Furthermore, electron scattering data offer reliable tests
for the calculated nuclear wave functions in order to acquire
confidence on predictions relevant to the weak processes
which in many cases, helps to eliminate nuclear physics
uncertainties. In addition, the semi-leptonic weak reactions
are, in principle, richer sources of information on nuclear
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structure because of the axial vector spin dependent operators
of the interaction between the leptons and the target nucleus
(Ejiri et al., 2019; Papoulias et al., 2019).

Regarding the v-nucleus reactions, it is worth mentioning the
challenges of the neutral current (NC) neutrino-nucleus
scattering of which the measurements rely on a different
signal to that of the charged current (CC) v-nucleus reactions
(Donnelly and Peccei, 1979; Kosmas and Oset, 1996). From these
two different neutrino-nucleus reaction channels, the charged-
current reaction in which the parent nucleus changes charge and
the daughter one appears, in general, in an excited (final) state,
has been firstly measured long ago. The neutral current channel
has only recently been measured for the first time (forty three
years after its first theoretical prediction), in the COHERENT
experiment at ORNL, United States (Akimov et al., 2017). Today,
the operating or planned worldwide neutral current “coherent
elastic neutrino-nucleus scattering (CEVNS) experiments” are
based on precise measurements of the nuclear-recoil and
among their highest priorities are the investigation of the
neutrino  properties, the fundamental v-matter weak
interactions, etc., (Papoulias and Kosmas, 2018; Papoulias
et al,, 2020). The planned advances in the precision of these
experiments require a commensurate effort in the understanding
and modeling of the nuclear physics aspects of these interactions,
which are incorporated as a particle model in neutrino physics
and play important role in interpreting the respective
experimental results (Akimov et al., 2017; Papoulias and
Kosmas, 2018; Papoulias et al., 2020).

In core-collapse supernova simulations, precise description
of neutrino processes deep into the hot and dense matter is
required. In this review, we summarize the main conclusions
extracted from the studies aiming to estimate the rates of
charged-current weak processes involving electrons, muons
and their anti-particles inside the massive stars’ matter (Suzuki
etal.,, 2006; Suzuki et al., 2011; Suzuki and Kajino, 2013; Suzuki
et al., 2018). The neutrino processes inside the hot and dense
stellar medium are important in many aspects of core-collapse
supernovae and, in particular for the explosion mechanism
and the explosive neutrino nucleo-synthesis leading to the
creation of the heavy elements (heavy nuclear isotopes)
(Langanke and Martinez-Pinedo, 1998; Kajino et al., 2014).
The multi-dimensional (2-D, 3-D, 4-D) simulations of
successful explosions of core-collapse supernovae have
shown that the neutrino-driven mechanism and the
neutrino transport in hot and dense proto-neutron stars
must necessarily be accurately described which means that
the cross sections and event rates of the relevant reactions are
appreciably important (Giannaka and Kosmas, 2013; Suzuki
and Kajino, 2013; Giannaka and Kosmas, 2015b; Suzuki et al.,
2018).

As is well known, in general, the gravitational collapse plays
a vital role in the structural formation of the Universe, and in
the death of massive stars through the gravitational collapse
and the subsequent supernova explosions that are spectacular
and very complex astrophysical events. Further, under the
extreme conditions of the hot and dense interior of massive
stars, all four known forces of nature are involved. Thus, the
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presence of the strong gravitational field determines the
dynamics of the astrophysical plasma while the weak
interactions govern the energy and lepton number loss of
the system through the transport of neutrinos from high-
opacity regions to the free-streaming ones (Langanke and
Wiescher, 2001; Woosley et al., 2002). Electromagnetic and
strong interactions determine the thermodynamic properties,
while nuclear and weak interactions modify the stellar gas
composition. Focusing on the stellar weak interaction
processes we are interested in the present article, in recent
years there has been much progress in describing these
processes towards many directions involving their intimate
connection with the stellar evolution phenomena. In a single
article, however, one can hardly cover all interesting aspects of
the massive star’s evolution and their death through the
gravitational collapse followed by the supernova explosion
related to the semi-leptonic weak interaction processes
(Langanke and Wiescher, 2001).

For the above reason, in the present review we will focus on
some selected topics (chosen according to our preference)
mostly related to the role of the stellar weak interaction
processes taken place in the presence of nuclei (Tsakstara
and Kosmas, 2011a; Tsakstara and Kosmas, 2011b; Tsakstara
and Kosmas, 2012; Giannaka and Kosmas, 2015a; Giannaka and
Kosmas, 2015b). For the benefit of the reader, however, we
mention some relevant topics like for example: 1) The neutrino
absorption on nucleons, which is crucial for the supernova
explosion mechanism and the explosive nucleosynthesis. 2)
The elementary pair-production processes which are
important for neutron star cooling. 3) The production
mechanisms of muon and tau neutrinos in the late stages of
collapse (because of their current interest, we will discuss in
Section 7 their detection by Earth bound detectors through the
production of muons or tau particles). 4) The neutrino-lepton
scattering (as neutrino-muon scattering) (Bollig et al., 2017).
On the other hand, we consider as purely astrophysical aspects
the following: 1) the current progress occurred in astrophysical
models and the treatment of the related uncertainties in each of
these models in connection to the relevant experimental data, 2)
phenomena related to the supernova dynamics, 3) the shock
acceleration phases and the neutrino-spectra formation, etc.,
which are, of course, important and crucial for massive stars’
evolution, but they fall out of the scope of the special Volume
and the Research Topic of the Journal for which the present
review has been written.

The article is organized as follows. At first (Section 2), we
review the general evolution of the massive stars as well as that of
their main burning stages (H, He, C, Ne, O, . . . ). Next (in Section
3), we recapitulate the relevant formalism used for the semi-
leptonic processes. Then, the muon capture (in Section 4), the
electron capture (in Section 5) and the neutrino-nucleus
reactions (in Section 6) under laboratory and stellar
conditions are discussed. While the results presented for the
muon capture rates (in Section 4) are based on a mean value of
the muon-nucleus overlap integrals, we discuss here the accurate
muon wave functions calculated by our group recently. Next
(Section 7), we review the role of the aforementioned semi-
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leptonic processes in Earth neutrino detectors and, finally
(Section 8), we summarize the main research addressed in this
article and we discuss next generation investigations.

2 STELLAR EVOLUTION AND THE ROLE OF
THE WEAK INTERACTION PROCESSES

In this section, we summarize briefly the main conclusions of the
state-of-the-art approaches related to the structure and evolution
of the hot and dense stellar interior focusing on the relevance of
the weak interaction processes with the stellar dynamics and
stellar evolution. The latter includes the way that stars change
with time, although on human time-scale most stars (those being
in the main sequence stage) do not show at all changes and this
holds for millions of years. In general, the evolution of a star, is
strongly determined by its mass (M) during the long lasting main
sequence phase of its life and is expected to lead in a wide variety
of outcomes (Fuller et al., 1982; Bethe, 1990; Phillips, 2013;
Woosley, 2019). Thus, the gravitational contraction of stars is,
in general, balanced from the nuclear fusion reactions taking
place in their interior and lead to the development of a sequence
of burning shells which from outer to inner are the H-burning,
the He-, the C-, the Ne-, the O- and finally the Si-burning shell
(the cycle of contraction, heating, ignition of another nuclear fuel
is repeated several times from the outer to the inner layer).

As mentioned above, massive stars go through six burning
stages [see e.g., (Langanke and Wiescher, 2001)]: H, He, C, Ne, O,
and Si burning with the lifetimes of these stages to be: H- and He-
burning stages last for roughly 10°”y and 10°y, respectively,
while the lifetime for the other phases is much shorter (due to
neutrino losses dominating energy losses over radiation from C
burning onward). Therefore C-, Ne-, O-, and Si-burning phases
last about 10>y, 1y, 1y, and 107y, respectively. During these
stages, the mass density p and temperature T of the star’s core
increase gradually and, at the end of Si-burning core, reach values
up to p = 10°gem ™ and up to T = 10° K, respectively. Under the
latter conditions, the bidirectional nuclear reactions reach the
equilibrium, a situation known as nuclear statistical equilibrium
(NSE). Then, the nuclear composition is described through the
three variables: T, p and proton-to-nucleon ratio Y, (Langanke
and Wiescher, 2001; Woosley et al., 2002).

During the NSE phase, the nuclear fusion reactions cannot
release energy anymore, which implies that the important
thermonuclear pressure that balances the gravitational
contraction is canceled. In more detail, at this stage the
star’s core (known as Fe-core) is mainly made of Fe-group
nuclei, produced by the Si-burning shell, namely nuclei in the
Fe-Ni nuclear mass region which are favored under the core
values of p and T mentioned above, while Y, is a bit smaller
than Y, = 0.5. But, since Fe cannot be burned to heavier
elements (this reaction requires energy to proceed and does
not generate energy), the star finally runs out of fuel and
collapses under its own gravity. The neutrinos generated at this
phase interact with matter mainly via neutral-current coherent
scattering on nucleons and nuclei (the rate is large so that their
diffusion time-scale is longer than the collapse time-scale).

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

February 2022 | Volume 8 | Article 763276


https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Kosmas et al.

Moreover, the electrons of the core inside such an environment
form a degenerate relativistic gas that can balance the
gravitational contraction only if the stellar mass is below
the known Chandrasekhar mass limit
Mcy, = 1.44(Ye)2M{Solar}. If this limit is exceeded (due to the
e-capture and the Si-burning that modify the Y,), the electron
gas cannot stabilize the core any more and the star collapses.

Furthermore, during the early phase of the collapse, the neutrinos
produced by the e -capture process can leave the star unhindered
carrying away energy that constitutes an effective cooling
mechanism which keeps the entropy and core-temperature at low
levels (for low entropy heavy nuclei exist during the entire collapse
phase) (Langanke and Wiescher, 2001; Woosley et al., 2002). The
situation changes when the collapse reaches densities of the order of
p = 10"gem ™. Then, due to the neutral current coherent neutrino-
nucleus scattering mentioned above (the diffusion time-scale is
longer than the collapse time of the core), neutrinos are
effectively trapped in the core. At neutrino trapping (p =
10"gem™), the values of Y, are significantly lower, while at
higher densities the total lepton fraction Y, becomes constant
(the trapped neutrinos increase the total lepton fraction in the
core) but the Y, still decreases. We note that during neutrino
trapping, the continuous e -capture reduces the electron
abundance. Due to this crucial role of the electron capture in
determining the dynamics of the core collapse of massive stars
for core densities in the range 10°gem ™ < p < 10"gem ™, in this
article we discuss in detail this process (see Section 5). We mention
however that, despite the progress achieved in recent years in the
determination of stellar e”-capture rates, further improvements are
certainly required at least in specific regions of the periodic table
(Langanke et al.,, 2021).

As mentioned before, the star’s life depends primarily on the
star’s mass M at birth. Thus, stars with M =8M_{solar} proceed
mainly through H- and He-burning. As they lose significant mass
by stellar winds, at the end of He burning their masses are not
sufficient to ignite further burning stages. Their life ends as White
Dwarfs, that are compact objects with a mass limit M < 1.44M_
{solar}, ie., Chandrasekhar mass, stabilized by electron
degeneracy pressure (Hirschi et al, 2004; Jones et al, 2016;
Langanke et al, 2021). The so called intermediate-mass stars
(8 =M =11M_{solar}) follow in-between fate and collapse into a
neutron star or are ending in a thermonuclear runaway which
disrupts most of the core (Langanke and Wiescher, 2001;
Woosley et al, 2002). Simulations of such stars are quite
sensitive to astrophysical uncertainties like convective mixing
or mass loss rates (Hirschi et al., 2004; Jones et al., 2016; Langanke
et al., 2021). Most of the mass loss of stars takes place during H-
and He-burning phases (mainly for red giant stars). On the other
hand, the major nuclear uncertainty, related to electron capture
on *°Ne, has recently been removed as this rate is now known
experimentally at the relevant astrophysical conditions
(Langanke et al., 2021). Finally, stars with MZ11M_{solar}
develop a core at the end of each burning phase which
exceeds the Chandrasekhar mass, so that they can ignite the
full cycle of hydrostatic burning and end their lives as core-
collapse supernovae, leaving either neutron stars or black holes as
remnants (Langanke and Wiescher, 2001; Woosley et al., 2002).

Stellar Evolution and Semileptonic Processes

3 FORMALISM FOR MODEL
CALCULATIONS ON SEMI-LEPTONIC
WEAK PROCESSES

Usually, the event rates (total cross sections) calculations of the semi-
leptonic processes (electron capture, muon-capture, neutrino
induced reactions, beta decay modes, etc,) start from the
corresponding  differential cross sections which, within the
context of the Donnelly-Walecka multipole decomposition
method, are obtained by the expression (O’Connell et al, 1972;
Donnelly and Walecka, 1976; Donnelly and Peccei, 1979).

10" @y |V EEN0-0- 069

do. Gfp cos’0, F(Z,E,) {

mag

[T AT WS + A1

-24- (- /3>Re<1f||7’"“gn1i><Jf||fi’||ff>*}
+ Y W(E EN{ (1 +7- BT M TP

J>0 N . .
H1-9-B+2B- QITALNTDHF
=24~ 7+ PReCT AL T AM T4 (1)

(Grand 6, stand for Fermi constant and the known Cabibbo angle
of the weak interactions) where W (E,, E,) = Eﬁ/(l + E,/Mr),
takes into consideration the nuclear recoil (M is the mass of the
target nucleus) (Niu et al., 2011), while F(Z, E,) denotes the well
known Fermi function (Langanke et al., 2003; Langanke and
Martinez-Pinedo, 2003). We note that, this kind of calculations
do not take into account possible modifications due to the final
state interaction of the outgoing lepton like those applied in
electron scattering where the effective momentum approximation
may significantly improve this effect (Aste and Jourdan, 2004).
The nuclear matrix elements between the initial state |J;» and a
final state [J¢) refer to the Coulomb M IM> longltudmal E;M,
transverse electric T]M and transverse magnetic 7 Mg multipole
operators [see Ref. (Giannaka and Kosmas, 2015a)]. Also, g, ¥ are the
unit vectors of the momentum transfer q, the outgoing-particle
momentum and [§ = k/E. with k being the corresponding 3-
momentum of the incoming particle (Donnelly and Peccei, 1979).
For the evaluation of the wave functions |J;) and |J ;) required for
the reaction rates of semi-leptonic nuclear processes, up to now
various microscopic models have been used which are briefly
summarized as follows. The independent particle model (Fuller
et al., 1982), the shell model for light s-d shell nuclei (Oda et al,
1994; Suzuki et al., 2006; Suzuki et al., 2018), the large scale shell
model (Langanke and Marti ‘nez-Pinedo, 2000), the ordinary random
phase approximation (RPA) (Nabi et al,, 2007a; Nabi et al., 2007b;
Nabi, 2011; Nabi and Riaz, 2019), the continuum RPA (CRPA)
(Kolbe et al., 1997), the relativistic RPA (Paar et al., 2009; Niu et al.,
2011; Fantina et al,, 2012), the quasi-particle RPA (QRPA) (Chasioti
and Kosmas, 2009; Tsakstara and Kosmas, 2011a; Tsakstara and
Kosmas, 2011b; Tsakstara and Kosmas, 2012; Giannaka and Kosmas,
2015a; Giannaka and Kosmas, 2015b), the deformed QRPA
(Sarriguren et al.,, 2001), the thermal QRPA (Dzhioev et al., 2020),
and others (Hix et al,, 2003). Each of these methods has advantages
and disadvantages. We mention that, several of the above
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calculations are comprehensive. What is, however, worth noting at
this point is the fact that the available results cover still a small
portion of the input required in Supernova evolution codes (mostly
those referred to the e-capture and v-nucleus process designed to
predict the SN explosions and multi-messenger signatures of many
important astrophysical phenomena) (Titus et al, 2017).
Furthermore, in the majority of the above studies, a number of
simplifying assumptions (zero momentum transfer to the target
nucleus, forward scattering angles of the outgoing particles,
employment of schematic nucleon-nucleon interaction, etc.,)
have been made (Ejiri et al, 2019). Under these assumptions,
several authors found that the Gammow-Teller operators, GT* =
erfa(j) with AT = 1, AL = 0, AJ" = 1%, dominate the cross
sections of several semi-leptonic processes. Even though these
methods are still reliable and the results obtained interesting,
some important details are missing and also some computations
need to be further improved (Chasioti and Kosmas, 2009;
Tsakstara and Kosmas, 2011a; Tsakstara and Kosmas, 2011b).
In the following sections, we will summarize briefly some muon-
capture, e -capture and neutrino-nucleus reactions cross sections
obtained within the framework of a refined version of the proton-
neutron QRPA (p-n QRPA) (Giannaka and Kosmas, 2013;
Giannaka and Kosmas, 2015b; Giannaka and Kosmas, 2015a),
but, for the sake of completeness we will also discuss the
comparison of these QRPA results with some of those computed
within the context of other methods as mentioned above. The p-n
QRPA method offers a reliable construction of the ground state i)
and all the accessible final states | f) of the daughter nuclei entering
the calculations of Eq. 1 for single charge-exchange nuclear reactions
(Kosmas et al., 1994; Kosmas and Oset, 1996; Kosmas et al., 1997a).
The method is tested through the reproducibility of: 1) nuclear
ground state properties, 2) various electron scattering data, 3)
experimental muon capture rates (Giannaka and Kosmas, 2015a),
4) beta-decay rates, etc. The corresponding QRPA predictions, may
come out of state-by-state calculations of exclusive, partial and total
rate transition matrix elements (Donnelly and Peccei, 1979; Kosmas
etal., 1997b; Eramzhyan et al., 1998; Kolbe et al., 2000; Kosmas et al.,
2001; Zinner et al., 2006). The use of the p-n QRPA with rich model
space and adopting as realistic nucleon-nucleon interaction the
Bonn C-D potential leads to reliable agreement with
experimental data. This high confidence level encouraged its use
to find muon-capture rates, electron capture cross sections in various
nuclear isotopes (Giannaka and Kosmas, 2015a) and also neutrino
nucleus neutral current reaction (Chasioti and Kosmas, 2009;
Tsakstara and Kosmas, 2011a; Tsakstara and Kosmas, 2011b;
Tsakstara and Kosmas, 2012; Papoulias and Kosmas, 2018).

4 THE MUON CAPTURE ON NUCLEI

In the stellar interior, but also in current experimental research,
several well known processes involving muons and muonic
neutrinos take place on nuclei as: 1) The conventional bound
muon capture by the nucleus (A,Z), with A denoting the mass-
and Z the atomic-number of the parent nucleus. Most important
channels are: a) the ordinary muon-capture, represented by the
reactions

Stellar Evolution and Semileptonic Processes

ty + (A Z) > v+ (A Z-1), (2)

(the asterisk * stands for “excited state” of the daughter nucleus),
b) the muon-decay-in-orbit (MDIO): y, — v, +e” +7,, and ¢)
the radiative muon capture: gy, + (A, Z) — v, + (A, Z - D" +y.
2) The exotic neutrinoless capture of a bound muon (y},), known
as muon-electron conversion: p, + (A,Z) — e + (A4, Z)*, as
well as the known as muon-positron conversion:
p, + (A Z) » e+ (A Z- 2)*. 3) Reactions producing muons
through muonic neutrino absorption by nuclei inside the stellar
environment or at the terrestrial nuclear detectors (see Section 6
and Section 7). Below we will discuss briefly some recent results
obtained for the process of Eq. 2 in connection with terrestrial
relevant experiments.

An exclusive capture rate, A;_s of the process (2), for a
transition from the initial |i) to a final |f) state of the muonic
atom (in laboratory conditions), takes the form (Giannaka and
Kosmas, 2015a).

2

2G*E? I
Ay = T_I_;Wf[<]f"q)y(M] - £])"]i>2 + [P,

(77 -7 Wk, (3)

where @,(r) represents the exact bound muon wave function (for
the ground state of the muon-nucleus system, the muonic atom).
From the latter expression exact muon-capture rates, by using a
realistic bound-muon wave function through solving numerically
the Schroedinger (Kosmas and Lagaris, 2002) or Dirac (Tsoulos
et al., 2019) equations, may be obtained (Jokiniemi et al., 2021).
Multipole muon-capture transition rates, referred to a given
multipolarity Ay, but also total muon capture rates, have been
recently obtained by various research groups (Giannaka and
Kosmas, 2015a). The evaluation of partial and total rates of
such muonic processes was mostly realized by employing
approximate wave functions for the bound muons in nuclei
(Kosmas and Oset, 1996; Giannaka and Kosmas, 2015a;
Giannaka and Kosmas, 2015b).

In Figures 1, 2 we show some multipole transition rates for the
*8Tj, *°Fe, °Zn and *°Zr isotopes obtained within the context of
the pn QRPA. Such calculations indicate the dominance of J* = 1~
and 1" multipolarities in the studied nuclear isotopes. Moreover,
individual contribution of Polar-vector, Axial-vector and the
overlap part into the total muon-capture rate have also been
obtained (Giannaka and Kosmas, 2015a). Furthermore, in
Table 1, the total muon capture rates obtained by using the
pn-QRPA for the light nuclei **Si and **S (with the free nucleon
coupling constant g4 = 1.262), and for the medium weight nuclei
48T 5Fe,%Zn and *°Zr (with ga = 1.135), are compared with the
available experimental data as well as with the theoretical rates of
Ref. (Zinner et al., 2006). For additional results the reader is
referred to Ref. (Giannaka and Kosmas, 2015a; Giannaka and
Kosmas, 2015b).

The nuclear method used offers the possibility of estimating
separately the individual contributions to the total and partial
rates of the polar-vector and axial-vector components of the
weak-interaction Hamiltonian for each accessible final state of the
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FIGURE 1 | Contribution of multipole transition rates Ay (Up to J” = 4%) into the total muon capture rate for the “7i and *®Fe isotopes with inclusion (filed
histograms) and without inclusion (double dashed histogramms) of the g4 quenching effect. The dominance of J™ = 1~ and 1" multipolarities is obvious for all nuclei.
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FIGURE 2 | Same as in Figure 1 but here the muon capture rate refers to the ®8Z, and °°Zr isotopes.

TABLE 1 | Individual contribution of Polar-vector, Axial-vector and Overlap part
into the total muon-capture rate. Also, the total muon capture rates obtained

by using the pn-QRPA with 1) the quenched value of g4 = 1.135, for the medium-
weight nuclei *877,%6Fe,%8Zn and °°Zr and 2) the free nucleon coupling constant g
= 1.262, for the light nuclei 22Si and °2S, are compared with the available
experimental data and with the theoretical total rates of Ref. (Zinner et al.,
2006).

Total muon-capture rates Ag(x10%)s™"

Nucleus pn-QRPA calculations Experiment RPA
Aot Afge Aoy Aot ot Adheer (Zinner
et al., 2006)
28g; 0.150 0.751 -0.009 0.892 0.871 0.823
%23 0.204 1.078 -0.017 1.265 1.352 1.269
487; 0.628 1.902 -0.081 2.447 2.590 2.214
56Fe 1075 3.179 -0.129 4.125 4.411 4.457
56zn 1651 4487 -0.204 5934 5.809 4,976
0Zr 2679 7.310 -0.357 9.631 9.350 8.974

daughter nucleus. One of our main goals is to provide a reliable
description of the charge-changing transitions matrix elements
entering the description of other similar semileptonic nuclear
processes like the charged-current (muonic) neutrino-nucleus
reactions, the electron capture on nuclei, the single f*-decay
modes, etc., which play important role in currently interesting

laboratory and astrophysical applications like the neutrino
detection through lepton-nucleus interaction probes and
neutrino nucleo-synthesis (Kolbe et al., 2003). Such results can
also be useful in various ongoing muon capture experiments at
Paul Scherrer Institute (PSI), at Fermilab, at Japan Proton
Accelerator Research Complex (JPARC), and at the Research
Center for Nuclear Physics (RCNP), Osaka University (Hashim
et al,, 2018; Ejiri, 2019; Hashim and Ejiri, 2021).

Recently, various sensitive experiments take advantage of the
powerful muon beams produced in the above well-known muon
factories for standard and nonstandard muon physics probes
(Marketin et al., 2009; Cook et al., 2017; Hashim et al., 2018;
Jokiniemi et al., 2019; Hashim and Ejiri, 2021). Among the
standard-model probes, those involving muon capture on
nuclei, specifically those emitting X-rays and/or several
particles (p, n, a, etc.) after y-capture (which are important
for understanding the rates and spectra of these particles) are
intensively investigated (Hashim et al., 2018; Hashim and Ejiri,
2021). For example, at PSI researchers are interested in
experiments based on the emission of charged particles from
the nuclei muonic atoms of Al, Si, and Ti or neutron emission
following muon capture from Fe, Ca, Si, and Al (Hashim et al,,
2018; Hashim and Ejiri, 2021). Also very recently, in the highly
intense facilities of Muon Science Innovation Commission
(MuSIC) at RCNP, nuclear muon capture reactions on Mo,
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Pb, etc., are planned to study nuclear weak responses for neutrino
reactions, etc., (Hashim et al., 2018; Jokiniemi et al., 2019; Hashim
and Ejiri, 2021; Jokiniemi et al., 2021). For such experiments, it is
important to know the ordinary muon capture rates to the final
(excited) states of the daughter nucleus, before proceeding to
event rates of emitted X-rays or particles through de-excitation
processes (Cook et al.,, 2017; Hashim and Ejiri, 2021).

4.1 Accurate Calculation of Muon-Nucleus
Overlap Integrals Entering Muonic

Reactions

The evaluation of reliable predictions in y-capture and e -
capture required for various physical observables (Giannaka
and Kosmas, 2015b; Giannaka et al., 2021), must be based on
accurate muon and electron wave functions [coming out of
solutions of the Schroedinger (Kosmas and Lagaris, 2002) and
Dirac (Giannaka et al., 2021) equations] obtained through the
application of advanced algorithms (Kosmas and Vlachos, 2010;
Kosmas and Leyendecker, 2015; Kosmas and Vlachos, 2016;
Kosmas and Leyendecker, 2018). Recently, for the solution of
the Dirac equations a fast algorithm has been derived by our
group within the neural networks and stochastic optimization
techniques (Giannaka et al., 2021).

Three intelligent independent algorithms, namely the Genetic
algorithms, the Particle Swarm Optimization and the Simulated
Annealing method (Kosmas and Vlachos, 2012) each of them
with individual advantages, have been incorporated in the same
numerical method (Giannaka et al., 2021). Its use is favored from
intuitive, theoretical and practical arguments, since appropriate
multi-parametric expressions representing the radial Dirac wave
functions i.e., its small (bottom) and large (top) components for a
bound muon orbiting around complex nuclear system, are
optimized. These parameters reflect those of the assumed feed-
forward artificial neural network (Kosmas and Lagaris, 2002),
applied to obtain the ground state wave function describing a
muon-nucleus system (muonic atom). From a computational
point of view, the training in this method is performed by using
the DiracSolver software package that proved to be both
convenient and efficient (Tsoulos et al., 2019) and offers the
possibility to be effectively applied in other atomic, nuclear and
molecular systems. Among the interesting applications of the
DiracSolver algorithm are the calculations of the up (large) and
bottom (small) components of the radial wave functions for
bound leptons in the Coulomb field of nuclei (atoms) as,
electron (e7), muon (4) and tau (77), in the field of complex
nuclei (Tsoulos et al., 2019; Jokiniemi et al., 2021).

In the Dirac Hamiltonian, the potential energy V(r) describing
the extended nuclear Coulomb field, created by the nuclear
charge density distribution p(r), is calculated as (Kosmas and
Lagaris, 2002; Tsoulos et al., 2019).

P(l") dSr/
lr—r|

where the (finite size) nuclear charge density p(r) is taken from
electron scattering experimental data (De Vries et al., 1987). For

V(r) = —é? J (4)
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the chosen nuclear systems (assuming spherically symmetric
charge distributions) the radial charge density entering Eq. 4
is described by two-parameter Fermi distributions extracted from
model-independent analysis of electron scattering data (De Vries
et al.,, 1987). It should be also noted that, for the Dirac solutions,
in addition, to the above potential V(r), the rather significant
vacuum polarization correction, described by an effective
potential V,, [see e.g., Ref. (Kosmas and Lagaris, 2002)] is also
considered.

Detailed calculations of the known muon-nucleus overlap
integrals, entering the partial and total rates of the ordinary
muon capture discussed above, could be obtained through the
accurate muon wave functions ®@,(r) inserted in Eq. 3 (Jokiniemi
et al, 2021). In ref. Giannaka et al. (2021) specifically, we
concentrate on the prominent nuclear systems **Si and ®*Zn
isotopes. By using such wave functions, one may perform
accurate muon capture rate calculations for currently
interesting nuclear isotopes (e.g., 2*Si, S, **Ti, *°Fe, ®*Zn and
°Zr studied previously by using a mean value of the ground state
muon wave functions) (Giannaka and Kosmas, 2015a). The
reader is also referred to the recent works by Jokiniemi et al.
(2021) for recent similar accurate calculations.

Before closing this Section, we should stress that current Earth
bound detectors of high energy supernova neutrinos (e.g., muonic
neutrinos, see Section 7.1) are based on signals created through
charged-current reactions taking place with the detector materials
(involving the v,-nucleus reaction). The latter processes are
particle conjugate reactions of the lepton-nucleus capture
including the y -capture on nuclei which is, for this reason
extensively discussed in the present article and is studied by
many authors, see, e.g., Ref. (Kolbe et al.,, 2000; Kosmas et al.,
2001; Zinner et al., 2006; Giannaka and Kosmas, 2015a; Jokiniemi
et al, 2021) and references therein. The production of the
aforementioned high energy supernova neutrinos (which are
mostly the heavy flavor neutrinos v,, v, and their anti-
particles) are closely related to processes taking place in the
late stages of core-collapse SN and also the muonization
process (see below) (Bollig et al., 2017; Fischer et al., 2020).

4.2 Muons Inside Core-Collapse

Supernovae Environment

In the stellar interior, free muons (4~) may be produced through
the particle conjugate processes of Eq. 2 taking place when the
temperature is high enough or the matter-density in the stellar
interior is high enough so that the chemical potential difference of
nucleons, A,, — A, or the interaction potential difference, U, — Uy,
reach the muon rest mass (mm, = 105.6 MeV). In such cases, the
muonization occurs in the stellar interior mainly through the
semi-leptonic processes (Bollig et al., 2017; Fischer et al., 2020).

YVytn—ou +p
Yt (AZ)—>u +(AZ+1)
The latter semi-leptonic nuclear processes always dominate at

high neutrino energies E, due to larger nuclear matrix elements.
The charged current reactions of nucleons and nuclei with the
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high energy leptons (muon anti-neutrinos, ¥,, and muon
neutrinos, 7,, as well as the negative muon u~, and the
positive muon u*) are crucial. Reaction rates of all the relevant
weak processes which involve ™ or v, are required as input in the
numerical simulations for the description of muonization
mechanism inside the hot and dense stellar interior (Bollig
et al., 2017; Fischer et al., 2020).

Recent calculations (Fischer et al., 2020) for the semileptonic
reactions involving the y~ with large energy-momenta transfer
concluded that the pseudoscalar coupling term in the hadronic
weak current (normally this is neglected for v, reactions), is as
important as the weak magnetism. On the other hand, the effects
of nucleon form factors become significant as the energy-
momenta transfer increases and they must be considered
rather equally important as the weak magnetism and the
pseudoscalar corrections.

5 THE ELECTRON CAPTURE ON NUCLEI

The process of bound-electron capture by a nucleus (analogous to
the ordinary muon capture), called also orbital (ordinary)
electron capture, is represented by the reaction (Giannaka and
Kosmas, 2015b).

e + (A Z) > (A Z—1)%+, (5)

(e, denotes a bound electron). In the latter process, the daughter
nucleus appears at a definite energy level while, in general, the
outgoing neutrino may carry off a portion of the available energy
in process (5). Because process 5) is a charge-changing one (charge
transfer occurs from the parent to the daughter nucleus), it is
possible that, part of the available energy may escape as a y-ray
photon, so that only the remaining energy is carried away by the
neutrino. This means that transitions to intermediate states, giving
a continuous energy spectrum, are allowed. As a result, the
maximum possible energy of the emitted y-ray photon
corresponds to the case in which the neutrino carries a very
small (approximately zero) energy equal to the energy of its
production. Consequently, the maximum endpoint energy of
the above y-ray which is measured experimentally, is equal to
the energy available in the orbital electron capture process. This,
for example, in the case of **Ni is E,=1.065MeV, in Znitis E, =
1.114 MeV, and in “Co it is E, = 1.320 MeV. Thus, the maximum
neutrino energy E, is rather low (lower than E, < 3 m, = 1.5 MeV).

The ordinary electron capture differs from the stellar electron
capture which takes place under the conditions of the stellar
environment, ie, core densities between 10°gcm™ < p <
10” gem™ and temperatures 10° < T < 10" K (Nabi et al,
2007a; Nabi et al, 2007b; Nabi, 2011; Giannaka and Kosmas,
2015b; Nabi and Riaz, 2019). This process is crucial for the
dynamics of the core collapse of massive stars and it is more
interesting in nuclear astrophysics. In the hot and dense stellar
environment, electrons (e~) have total energy E, = 30, —, 50 MeV, so
the relevant nuclear calculations of the cross sections of process 5) in
order to be translated to stellar cross sections through the folding
procedure must have E, up to this energy region (see below)
(Giannaka and Kosmas, 2015b).

Stellar Evolution and Semileptonic Processes

Within the J-projected multipole decomposition
formalism of Donnelly-Walecka, the differential cross
section of electron capture on nuclei under laboratory
conditions takes the form

Z W (E,., E,){[1 — acos®

J=1

B Qi +1)

do..  Gjcos’0. F(Z,E,)
daQ 2w
17:>1°

~ mag

+bsin*®] [|<J /11T,

T AT IE | - [% (1 - acos)

—d12Re(T AT NI AT * )
+ Y W(E, E){ (1 + acos®) <] M 15 P+

J=0

(1 + acos® — 2bsin* @) <J (L, 1]

- [g (1 + acos®) + d]zRe<Jf||£,||fi><Jf||M,||L->*}} (6)

The latter expression is consistent with Eq. 1. The kinematical
parameters «, b, d are given eg, in Chasioti and Kosmas (2009). In
the above equation, @ represents the scattering angle (for forward
scattering, used by many authors, ® = 0) while w;= E;~ E; denotes the
excitation energy of the daughter nucleus. The energy E, of the outgoing
neutrino in the reaction (5), due to energy conservation, is written as

Ev:Ee_Q_wif: (7)

where Q is the known Q-value determined from the experimental
masses of the parent (M;) and the daughter (M) nuclei as Q = My
— M; (Dean et al., 1998).

Based on Eq. 6 one may perform state-by-state calculations on
the electron capture differential cross sections with respect to the
excitation energy do/dw defined by

do do,.
[%]I, - J o 1@
f

_ Gicos'f, F(Z,E,)

. ~mag
@D ” dOW (E,, E,){[1 - acos® + bsin* @] [|T (17, 1T
ot - [% (1 - acos®) - d]ZReUf||T7ug||]i><]f||7;;l||fi>*

+ (1 + acos®) [T M TP + (1 + acos® — 2bsin ©) < (1L 1,512
_ [g (1 + acos®) + d]zRe<]f||ﬁl||]">UfllM/ll]i)*}} v

(J = J7). By evaluating the exclusive e -capture cross sections of
Eq. 8 for all multipolarities (usually it’s enough for J* < 5%), for
the interior of core-collapse supernova we consider incident
electron energies E, < 50.0 MeV, other authors consider E,
energies up to E, = 30 MeV (Fantina et al, 2012; Dzhioev
et al, 2020). In Eq. 8 the transition matrix elements are
considered to be between the ground state |J;) = i) = IOE'S}
for a spherical target nucleus and an excited state | ];) =1[f)
of the resulting odd-odd nucleus. The cross sections as functions
of the incident electron energy E, are evaluated after integrating
numerically Eq. 6 over angles for each specific final state |]).
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TABLE 2| Total e"-capture cross sections (in 10*2 MeV/~" cm?) for E, = 25MeV/in
667.. The percentage of each multipolarity into the total e -capture cross
section, evaluated with our pn-QRPA code, are also tabulated here.

Positive parity Negative parity

J' ge(x10742emy  Portions (%) JT g (x10-%2am)  Portions (%)
o* 31.164 25.96 0 5.288 4.41

1* 52.779 43.98 1 13.409 11.14
2t 6.921 5.77 2” 3.262 2.72

3* 5.499 4.58 37 0.905 0.75

4* 0.244 0.20 4~ 0.299 0.25

5* 0.208 0.17 5 0.042 0.04

In the pn-QRPA code employed in Giannaka and Kosmas
(2015b), Giannaka (2015), the excitations of the daughter nucleus
appear as sets of multipole states and provide the possibility to
calculate the contribution to the total cross sections of each
multipole set of states separately. The dependence of the
differential cross sections on the excitation energy w through
the entire pn-QRPA spectrum of the daughter nucleus may be
illustrated (by using a special code which rearranges all possible
excitations with the corresponding cross sections) in ascending
order of the respective excitation energy wy [see Ref. (Tsakstara
and Kosmas, 2011b; Tsakstara and Kosmas, 2011a)]. In Table 2,
we list some representative results for the total e -capture cross
sections in *°Z,, (corresponding to electron energy E, = 25MeV).
The percentages of each low-spin multipolarity into the total e”-
capture cross section evaluated with the p-n QRPA code, are also
tabulated in this table. It is worth mentioning that, in calculating
the original total electron capture cross sections, the use of a
quenched value of the static axial-vector coupling constant g, is
necessary, for the renormalization of the transition matrix
elements (Wildenthal, 1984; Zinner et al., 2006; Marketin
et al,, 2009). The coupling constant g4 enters the axial-vector
form factors, FA(qZ), and in the QRPA calculations the free
nucleon value of g4 = 1.262 is multiplied by a factor of about
0.8 (Wildenthal, 1984; Hiusser et al., 1991; Zinner et al., 2006;
Marketin et al., 2009).

5.1 e-Capture Cross Sections in Stellar

Environment

In astrophysical environment, where the finite temperature T and
the matter density g effects can’t be ignored (the initial nucleus is
at finite temperature), the initial nuclear state must be a weighted
sum over an appropriate energy distribution. Assuming that this
distribution is of a Maxwell-Boltzmann type for the initial state
i) (Dean et al., 1998; Langanke and Mart:1 ‘nez-Pinedo, 2000), the
total e -capture cross section is given by the expression (Paar
et al., 2009).

_ Gy cos’6, (2]; + 1)e B/ KD
o(EaT) = —— — ZF(Z,EJW
IilOy 1P ®
2|\1Yy
X ]%(EE_Q-'—E"_EJ‘) m
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with G(Z, A, T) the corresponding partition function (Paar et al.,
2009) and Oy denoting any of the multipole tensor operators [see
Appendix of Ref. (Giannaka and Kosmas, 2015b)]. In other
words, the sum over initial states in Eq. 9 denotes a thermal
average of the initial energy levels. We should stress that, the first
summation in Eq. 9 includes as initial states, in addition to the
ground state |i) of the parent nucleus, also some low-lying excited
states. This is because in the interior of stars the parent nucleus
appears in excited states that follow Boltzmann distributions.
Such studies have been taking into consideration in Paar et al.
(2009), Fantina et al. (2012) and references therein. For example,
8T, 5Fe and ®Zn have 2" states below one MeV and their
contributions can be large at high densities and temperatures.

Then, one may calculate the partial rate contributions of some
specific individual multipolarities J* by summing over the
exclusive contributions of the multipole J” states as

do stel do stel
[dw] (ET,w)= Y. [dw] (E., T, w)

I f %

B Gy cos’0, (2]; + 1)e B/ D)
Y ZF(Z’Ee) G(Z,A,T)
GO P
E.-Q+E -E;) ————
X;( QBB 51
(10)

As an example, in Figure 3 we illustrate the electron capture cross
sections for the °Zn parent nucleus, being inside stellar
environment with temperature T = 0.5MeV (high
temperature). They have been obtained by assuming that the
incident electrons follow the Fermi-Dirac energy distribution.

We, furthermore, mention that in the central core of the stellar
environment, the e~ (or positron ") spectrum is well described by
the known Fermi-Dirac distribution function parametrized with
the stellar temperature T and the chemical potential of the
electron p, as (Juodagalvis et al., 2005).

1
" 1+ exp|(Ee - p,, ) (ksT)]

Se. (11)

The positron chemical potential is simply y, = — y., while the
Firmi-Dirac distribution for the ¢ spectrum results from Eq. 11
by replacing y. with y,. In addition, at core collapse supernova,
the neutrinos released through the weak interaction processes
that take place in the presence of nuclei (mostly with 45 < A < 65)
can escape (there is no-blocking of neutrinos in the phase space),
ie, S, = 0.

In the above case, the connection of the matter density ¢
with the important quantity Y,, i.e., the electron to baryon
ratio, and the electron (positron) chemical potential p, (1,) is
written as

1 . 3 rx
QY@ZTM(%) JO (se—SP)PZdP (12)

Se (S,) is the electron’s (positron’s) distribution function,
respectively, and N, is the well known Avogadro number.
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70 [10 *2em?]

e 10 *2cm?]

T=0.5 MeV

E.[MeV]

T = 1.5-1.8 MeV) (Giannaka, 2015).

FIGURE 3 | Electron-capture cross sections for the %27n and °°Zr parent nuclei at high temperature (T = 0.5 MeV) in stellar environment obtained by assuming
Fermi-Dirac distribution for the incident electrons. The total cross sections and the dominant individual multipole channels (J” < 5%) are demonstrated as functions of the
incident electron energy E.. Moreover, the right panels show the temperature dependence of the stellar cross sections for these nuclei. As can be seen, the cross
sections increase doesn’t follow the stellar Temperature increase and a saturation of the cross sections is expected to occur at higher Temperatures (about at

E.[MeV]

Furthermore, p = Vw? — 1 represents the electron (positron)
momentum, with w being the corresponding total energy (rest
mass plus kinetic energy), both in units of m.c>. Eq. 12, is an
important expression and may provide the Y, for a given matter
density p at the point in question inside the stars’ core.

6 NEUTRINO-NUCLEUS REACTIONS IN
STELLAR ENVIRONMENT

The charged-current neutrino absorption by nucleons and nuclei
and the neutral current neutrino-nucleus scattering, represented
by the reactions.

Y+ (AZ)—> € +(AZ+1),
Ve+ (A, Z) = v + (A, Z)"

(13)
(14)

(with € = e, y, 7), are significant semileptonic processes occurring
inside stellar environment. Their cross sections and event rates
are crucial and important for the description of the stars’
evolution. In general, the calculations of charged-current
v-nucleus reaction cross sections, for processes involving u~
and y* (or v, and 7,), require full relativistic treatment where
the Dirac muon wave functions are employed (Giannaka et al.,
2021). On the other hand, as in any semi-leptonic reaction, the
hadronic weak current (including weak magnetism and

pseudoscalar terms as well as weak form factor effects) must
be accurately treated (Kosmas and Oset, 1996; Chasioti and
Kosmas, 2009; Tsakstara and Kosmas, 2011a; Tsakstara and
Kosmas, 2011b; Tsakstara and Kosmas, 2012). The muonic
semi-leptonic processes dominate at E, > 110 MeV and play
essential role in p~ production as well as in the known
muonization process shortly after supernova core bounce. The
impact of the various weak processes, and especially of the
muonic reactions, was studied with emphasis by considering
the specific conditions (with densities p > 107gcm™)
encountered in proto-neutron star = 0.4 s after the core-
bounce (Dzhioev et al., 2020).

Nowadays, neutrinos generated in astrophysical sources
(supernova explosion, interior of Sun and Earth, etc.,) are key-
role particles in studying the structure and evolution of the star’s
interior, the thermonuclear reactions taking place inside star’s,
neutrino-driven mechanisms of core-collapse of massive stars,
etc. The relevant observations, in conjunction with theoretical
and phenomenological modeling offer further insight in
deepening our knowledge on the fundamental interactions and
the nuclear weak responses. Original neutrino-nucleus cross
sections obtained with realistic nuclear structure calculations,
e.g., using the QRPA method (Tsakstara and Kosmas, 2011a;
Tsakstara and Kosmas, 2011b), through the application of the
convolution procedure by adapting specific spectral distributions
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describing supernova neutrino energy spectra, provide simulated
signals of the detector responses expected to be recorded by
terrestrial v-detection experiments (Tsakstara and Kosmas,
2011a; Tsakstara and Kosmas, 2011b; Tsakstara and Kosmas,
2012).

Such convoluted cross sections, like the double-differential,
d*o(w)/dw, the single differential, do(w)/dw, and the total, o/,
cross sections reflect the neutrino signals generated at the chosen
nuclear isotopes in terrestrial detectors due to neutrinos
emanating from specific v-sources. Results like, for example,
those of Refs. (Tsakstara and Kosmas, 2011a; Tsakstara and
Kosmas, 2011b) demonstrate clearly the weak responses to
pronounced low-spin multipoles (17, 171, 2%, 0%, 27, etc.,)
generated by supernova neutrino spectra in a specific detector
medium. They show rich responses in the energy range 20, —,
30 < E, < 100, — , 120 MeV, which is relevant for low- and
intermediate-energy supernova neutrinos, and also for neutral-
current neutrino-nucleus scattering processes.

Moreover, reliable descriptions of the responses of various
nuclear isotopes (Fe, Zn, Ge, Mo, Te, and others) provide
precious information for the understanding of the isospin and
spin-isospin nuclear responses for supernova physics, neutrino
physics, the fundamental weak interactions, and specifically the
SN dynamics and explosive neutrino-nucleosynthesis. Pursuing
theoretical neutrino scattering calculations, at low and
intermediate energies, is important in unraveling unknown
properties of neutrinos and in understanding deeply their role
in a plethora of open neutrino physics issues (Kosmas and Oset,
1996; Chasioti and Kosmas, 2009; Tsakstara and Kosmas, 2011a;
Tsakstara and Kosmas, 2011b).

6.1 Neutrino Induced Nucleosynthesis

Inside the hot interior of massive stars, the neutrinos created
through the various semi-leptonic processes mentioned above,
may subsequently induce reactions leading to nucleo-synthesis of
various (radioactive) isotopes as well as to the synthesis of new
elements (Suzuki et al., 2006; Cheoun et al., 2012). As the interior
of an evolved high mass star has layers (fusion shells) heavier and
heavier nuclear isotopes are being synthesized as we move
towards the center of the star (see Section 2) (Kolbe et al,
2003; Sieverding et al., 2018). Moreover, it is known that a set
of important nuclides are produced by the neutrinos created
during supernova explosions. The latter may create abundant
nuclei in the outer stellar shells contributing this way to the
synthesis of elements with dominant galactic abundances. Such
nuclides produced in significant portion by neutrino
nucleosynthesis are the: “Li, ''B, "N, '°F, '**La, '**Ta, and the
radionuclides **Na and *°Al (Sieverding et al., 2018).

In general, stellar neutrinos may induce nuclear reactions that
contribute to the synthesis of new elements (v-process). Several
important processes of this type have been studied (Sieverding
et al., 2019), as the 12C(v,v’p)uB and 2(’Ne(v,v'p)lgF reactions
which produce the quite abundant '°F and *Ne nucleides. These
reactions are mainly induced by the v, neutrinos, with x = y, 7,
which have larger average energies than v, and 7, neutrinos
(Tsakstara and Kosmas, 2011a; Tsakstara and Kosmas, 2011b).
Furthermore, from detailed stellar evolution investigation,
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researchers concluded that the rare odd-odd heavy nuclides
%8La and '®°Ta are mainly products of the charged-current
reactions *®Ba(v,,e7)"*® La and °Hf(v,,¢7)'®Ta and that
the v-process is rather sensitive to the spectra and luminosity
of v, and v, neutrinos (note that these neutrinos have not been
observed in the SN 1987a) (Suzuki et al., 2006; Cheoun et al.,
2012).

6.2 Neutrino Spectra in Core Collapse

Supernovae

The energy-spectra of neutrinos emanating from core-collapse
SN resembles to the two-parameter Fermi-Dirac distribution
(or to the two-parameter Power-Law distribution). They are of
quasi-thermal shape, on peak pattern, which seems to be
reliable for most of the SN phases (Langanke and Wiescher,
2001; Tsakstara and Kosmas, 2011a; Tsakstara and Kosmas,
2011b). As has been pointed out, the neutrino shock
acceleration, which may create the non-thermal shape in
the neutrino spectrum occurs in the early post-bounce
phase (this argument is also supported by recent CCSN
simulations). The main conclusions regarding the energy-
spectra of such neutrinos may be summarized as follows.
The neutrino shock acceleration is strongly v-flavour
dependent, so the heavy neutrinos v, and 7; may acquire
energy up to about 200 MeV, while v, and 7, have similar
spectra but up to about 120 MeV where a sharp cut-off
appears. The spectra for v, and 7, appear to be of quasi-
thermal shape.

Recent studies of the neutrino spectra in massive stars core
collapse supernovae have shown that the outcome of the neutrino
emission (and, in particular, its time-dependence) is a combined
result of the neutrino-induced reactions and the effect of the
shock wave. The competition of these two effects depends
sensitively on the radial position into the star at which the
nucleo-synthesis reactions occur (Sieverding et al, 2018). In
the latter work, the neutrino emission from the core of a
collapsing star is considered as including the three major
distinguishable phases. Such a discussion here goes beyond the
scope of the present article and the reader is referred to Ref.
(Langanke and Wiescher, 2001) for more details.

The detection of the high energy 7, and v, neutrinos
through charged-current reactions will be a clear evidence
that neutrinos undergo flavour conversions which implies that,
the neutrino shock acceleration offers the possibility of muon
productions in Earth detectors. If muons would be observed in
these detectors, this will be a precious information to put
constraints on the neutrino oscillation parameters, which will
open up the need this issue to be investigated in the future
(Dzhioev et al., 2020; Nagakura and Hotokezaka, 2021). We
should mention that, although up to now we haven’t taken into
account the neutral-current reactions of neutrinos with the
detectors, in reality, they may play important role for the data
analysis (Papoulias and Kosmas, 2018). Since these reactions
are sensitive to all v-flavours, by combining the NC data with
those of the CC reactions, we may extract constraints on
relevant transition probabilities from each heavy neutrino-
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flavour to the other species. We also note that, it is expected the
rapid drop off of neutrino distribution at E, = 100 — 120 MeV
to be more pronounced in neutral current reactions than that
of the charged current, which would be a rather direct
indication for the disappearance of v, and ¥, around the
energy of the core-collapse SN v-source.

From the above discussion, one may conclude that, the
survival probabilities of all neutrino-flavours constitute
important quantities that may be inserted in various neutrino
oscillation models. We must also remark that, in measuring the
quite small event rates of the above high energy neutrinos,
despite the fact that the neutrino shock acceleration increases
them by a few orders of magnitude, the detection statistics on
each detector will be rather poor. Hence, it will be crucial to
combine the observed data of each neutrino detector in order to
obtain reliable analyses of the high energy v, and »; neutrinos.
The joint analysis will enable us to look for flavour-dependent
features in the core-collapse SN neutrinos and put stringent
constraints on the model parameters of neutrino oscillations in
the future (Dzhioev et al,, 2020; Nagakura and Hotokezaka,
2021).

7 THE ROLE OF SEMI-LEPTONIC
PROCESSES IN TERRESTRIAL
DETECTORS

A great class of Earth detectors aiming to detect cosmic
neutrinos, are based on the charge-changing neutrino-
nucleus reactions (13). In the other class of terrestrial
detectors, aiming to detect neutrinos through the neutral
current v-nucleus scattering (14), the measured signal is the
recoil energy of the nuclear-target isotope (detector medium).
We mention that, some cosmic neutrino detectors on Earth are
based on the scattering of neutrinos with the electrons or muons
of the detector. Before closing this article, we consider of great
interest to concentrate on the heavy neutrino detection in
terrestrial v-detectors proposed very recently focusing
specifically on the muon production in extremely sensitive
terrestrial experiments (Dzhioev et al., 2020; Nagakura and
Hotokezaka, 2021).

7.1 Muon Production in Earth Detectors

In the operating and designed to operate at the Earth neutrino
detectors, like the Super-Kamiokande (SK), the Hyper-
Kamiokande (HK) and others, the muons (4~ or y*) can be
created from the supernova v, and 7, neutrinos if they carry
energies larger than the muon’s rest mass M, i.e., E, > M, (E,
should exceed M, by at least the detector’s threshold energy
Eihresn)- The detector signal may come out of charged current
reactions taking place with the detector materials which are
particle conjugate reactions of the muon capture on nuclei
studied by many authors [see, e.g., Ref. (Giannaka and
Kosmas, 2015a) and references therein]. As is well known,
core-collapse SN neutrinos provide precious information to
study various neutrino phenomena (neutrino properties,
neutrino oscillation, etc.). The event rates on each detector,
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could be estimated on the bases of various scenarios of the
neutrino shock acceleration, and the necessary conditions to
observe a given number of events, relevant to charged-current
reactions with v, and 7, in the early post-bounce phase
(Nagakura and Hotokezaka, 2021). The expected number of
events is small (less than 1 for all detectors), indicating that
the muon production may not happen in this case. It should be
noted, however, that there remains a possibility to detect
them, in particular for Hyper-Kamiokande (HK) detector,
by taking into account uncertainties of the parameters and the
neutrino cross-sections.

Recent estimations have shown that, the possibilities for
muons to be produced in terrestrial detectors, like the Super-
Kamiokande (SK), HK, DUNE, JUNO etc., through core-
collapse SN (CCSN) neutrino, is rather high if these
neutrinos are created during the late post-bounce phase for
failed CCSN (Nagakura and Hotokezaka, 2021). For example,
these authors found that, about 10 muons may be produced in
HK (few of them having energy E, = 150 MeV). The muons
created from such high energy neutrinos have large enough
kinetic energy to produce observable signal by emitting
Cherenkov lights in the HK detector. Furthermore, muon
production may also occur in SK, but the detectability
depends on other factors (e.g., the distance to the CCSN
source is an important factor). We mention that, the charged
current reaction v —'°0, with the Oxygen of the water molecule,
play dominant role for the muon productions in Water
Cherenkov detectors.

As mentioned above, the distance to the CCSN source is an
important parameter when discussing the detectability of the
heavy flavor neutrinos. For example, the muon productions
in DUNE and JUNO detectors seem to be unlikely if the
CCSN distance is smaller than 10 kpc. However, the efficiency
of neutrino shock acceleration depends on the mass accretion
rate in the late post-bounce hence, v,-detectability through
muon productions. Furthermore detailed studies should be
made with more quantitative arguments and statistical
improvements regarding neutrino cross-sections with
heavy nuclear detectors (Nagakura and Hotokezaka, 2021).
In the early post-bounce phase, the muon production
requires that the CCSN is located nearby about 5 kpc (for
HK) and about 3 kpc (for SK). For other detectors the
supernova should be very nearby, about 1 kpc (for DUNE)
and about 0.5 kpc (for JUNO). In the late phase for failed
CCSN, on the other hand, the threshold distance is increased
by a factor of about 4 than that in the early phase, indicating
muon productions likely occur in HK for all Galactic
failed CCSN.

8 SUMMARY AND OUTLOOK

In this article, at first we review the role of the semi-leptonic weak
interaction processes that involve leptons and nuclei in the late stages
of stellar evolution, i.e., inside the hot and dense stellar environment.
Then, we review the role of these processes in the relevant neutrino
detection experiments that operate or have been planned to operate
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in the near future at the Earth (underground, under ice, and under
sea water). Such processes are of key role in the massive stars’
evolution and specifically in the final stages of their life, ie., the pre-
supernova and the core-collapse supernova leading to the SN
explosion phenomenon. We also focus on the neutrino
producing charged-lepton capture, like the electron-capture and
the muon-capture on nuclei, and, then, we discuss the neutrino
absorbing reactions which are essential in the neutrino-driven
explosive nucleo-synthesis. These processes are also significant in
many ongoing and planned worldwide sensitive experiments aiming
to detect astrophysical neutrinos which rely on the interactions of
neutrinos with the bound nucleons inside atomic nuclei.

Such astrophysical neutrino signals provide a precious
information on deciphering the inner dynamics of CCOSN,
from which researchers may extract important constraints on
the neutrino oscillation parameters. In core-collapse supernova,
the key-particle players are the heavy neutrinos, v, with energies
above 110 MeV and v, neutrinos with energies up to about = 200
MeV (in water Cherencov detectors). The neutrino energy, as
suggested recently, is acquired through the known shock
acceleration mechanism. Researches estimated that this effect
occurs in the early post-bounce phase (about 50 ms after bounce)
for all massive stellar collapse experiencing core bounce and
would reoccur in the late phase (about 100 ms after bounce) for
failed core-collapse supernovae. Due to the fact that the SN
distance is crucial for the detectability of Galactic core-collapse
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