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We investigate the impact of charged-current–neutrino processes on the formation and evolution of neutrino
spectra during the deleptonization of proto-neutron stars. To this end we develop the full kinematics of these
reaction rates consistent with the nuclear equation of state, including weak magnetism contributions. This allows
us to systematically study the impact of inelastic contributions and weak magnetism on the νe and ν̄e luminosities
and average energies. Furthermore, we explore the role of the inverse neutron decay, also known as the direct
Urca process, on the emitted spectra of ν̄e. This process is commonly considered in the cooling scenario of cold
neutron stars but has so far been neglected in the evolution of hot proto-neutron stars. We find that the inverse neu-
tron decay becomes the dominating opacity source for low-energy ν̄e. Accurate three-flavor Boltzmann neutrino
transport enables us to relate the magnitude of neutrino fluxes and spectra to details of the treatment of weak pro-
cesses. This allows us to quantify the corresponding impact on the conditions relevant for the nucleosynthesis in
the neutrino-driven wind, which is ejected from the proto-neutron star surface during the deleptonization phase.
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I. INTRODUCTION

In this paper we study the impact of opacities from weak
processes on the emission of neutrinos from newly born
proto-neutron stars (PNSs). A PNS forms in the event of
a core-collapse supernova, when the collapsing stellar core
of a massive star bounces back at supra-saturation density.
A hydrodynamics shock forms, which initially propagates
quickly to large radii on the order of 100 km, where it stalls
due to energy losses and turns into an accretion front. The
revival of this stalled shock results in the supernova explosion
and the subsequent ejection of the stellar mantle. The revival
of the shock via neutrino heating is considered one of the
standard explosion mechanisms [1], besides the magnetorota-
tional [2] and acoustic mechanisms [3] as well as those driven
by a high-density phase transition [4–6] (see also Refs. [7–9]
for recent reviews about core-collapse supernovae). Being
initially hot and lepton rich, the PNS contains all gravitational
binding energy gain of the collapsed stellar core. This energy
is emitted mainly in the form of neutrinos on a timescale of
≈10–30 s, once the supernova explosion proceeds.

*tobias.fischer@uwr.edu.pl
†gangg23@gmail.com

Shortly after the onset of the supernova explosion, the
PNS enters the deleptonization phase, which is determined by
the diffusion of neutrinos of all flavors from high densities.
These neutrinos decouple from matter at their spheres of
last scattering, outside which they are free streaming and
become a potentially observable signal [10–12]. The PNS
deleptonization phase has long been studied [13,14], with
the commonly employed diffusion approximation for neutrino
transport within the hydrostatic approach. Only recently it has
been explored in radiation-hydrodynamics simulations that
employed accurate three-flavor Boltzmann neutrino transport
[15,16]. These studies followed the entire evolution consis-
tently, i.e., starting from stellar core collapse and through core
bounce, supernova explosion, and PNS deleptonization. As
the currently operating and future planned neutrino detec-
tors are capable of detecting thousands of events from the
next galactic supernova [17,18], it is of paramount interest
to predict accurate neutrino luminosities and spectra. The
primary focus is therefore on the development of models that
include the leading weak processes and implement them in
accord with the description of the nuclear medium [19–21].
At the mean-field level, medium modifications for the
charged-current reactions depend on the nuclear equation of
state (EOS), in particular on the nuclear symmetry energy and
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its density dependence [22]. The symmetry energy has been
shown to affect the deleptonization timescale of the PNS [23].

High neutrino luminosities on the order of 1051 erg s−1

during the PNS cooling phase are responsible for the pro-
duction of an outflow of matter known as the neutrino-driven
wind. The latter has long been studied as a possible site for
the nucleosynthesis of heavy elements [24,25]. The proton-
to-nucleon ratio, or equivalently the electron fraction Ye, of the
neutrino-driven wind depends sensitively on the spectral dif-
ference between ν̄e and νe [26], requiring accurate predictions
of these spectra. In this work, we determine how the spectra
are affected by weak magnetism and nucleon recoil correc-
tions. Therefore, we develop charged-current rate expressions
within the relativistic approach taking into account the full
kinematics and including contributions from weak magnetism
[27], being complementary to Ref. [28]. This allows us to
compare quantitatively with the elastic approximation as well
as Ref. [29] which approximates inelastic contributions and
weak magnetism corrections. Furthermore, we include here
the impact of the inverse neutron decay. Up to now, this opac-
ity channel has never been considered during the evolution
of PNSs. In Sec. V, we explore the impact of its inclusion
together with a full treatment of charged-current processes on
the composition of the ejecta, extending previous simulations
by us [30].

The paper is organized as follows. Section II presents basic
expressions for the treatment of the charged-current–neutrino
opacity and in particular for neutron decay and its inverse
reaction, derived from the full kinematics approach including
weak magnetism contributions. In Sec. III we review our
supernova model AGILE-BOLTZTRAN and in Sec. IV we discuss
simulations of the PNS deleptonization, with particular focus
on the impact of weak magnetism corrections and nucleon
recoil contributions, as well as the inclusion of the neutron
decay channel, on the formation and evolution of the neutrino
fluxes and spectra. The relevance for the nucleosynthesis of
the neutrino-driven wind is discussed in Sec. V. A summary
is given in Sec. VI.

II. CHARGED-CURRENT PROCESSES AND INVERSE
NEUTRON DECAY OPACITY

Let us consider a generic charged-current process

ν1 + B2 −→ l3 + B4, (1)

where ν1 denotes a neutrino (antineutrino), B2 a neutron
(proton), l3 an electron (positron), and B4 a proton (neutron).
For the energies considered, the interaction Lagrangian from
the Weinberg-Salam theory [31–33] can be reduced to a
current-current interaction [19,34,35]:

L = G√
2

lμ jμ, (2)

where G = GFVud for charged-current processes and G =
GF for neutral-current processes, with GF the Fermi cou-
pling constant and Vud the up-down entry of the Cabibbo-
Kobayashi-Maskawa matrix [36]. The lepton weak current is

lμ = ψ̄3γμ(1 − γ5)ψ1 (3)

and the hadronic current

jμ = ψ̄4

[
γ μ(gV − gAγ5) + iF2

2M
σμνq∗

ν

]
ψ2, (4)

where ψi are the Dirac spinors, and gV = 1.0, gA = 1.273, and
F2 = 3.706 are the coupling constants for the vector current,
axial vector current, and weak magnetism, respectively. We do
not consider the induced pseudoscalar term as its contribution
is negligible to the processes considered here.

A. Full kinematics

At the mean-field or Hartree level considered here the
nucleons fulfill the energy-momentum relationship E∗

2,4 =
E2,4 − U2,4 =

√
|p2,4|2 + (m∗

2,4)2, with U2,4 the mean-field

potential and m∗
2,4 the effective mass. Introducing the four-

momenta p∗
2,4 = (E∗

2,4, p2,4), the four-momentum transfer be-
comes q∗ = p∗

4 − p∗
2. Notice that in the weak-magnetism term

we use q∗ instead of q as required by conservation of the weak
vector current [28,37,38]. Note also that in the following we
will use natural units h̄ = c = 1.

The opacity or inverse mean-free path for process (1) is
given by the integral expression

χ (E1) = 2
∫

d3 p2

(2π )3

∫
d3 p3

(2π )3

∫
d3 p4

(2π )3

〈|M|2〉
16E1E2E3E4

(1 − f3) f2(1 − f4)(2π )4δ(4)(p1 + p2 − p3 − p4), (5)

where the baryon (B2, B4) and the lepton (l3) contributions enter via their corresponding thermal equilibrium Fermi distri-
butions, fi = [exp{β(E − μi )} + 1]−1, with the inverse temperature β = 1/T . The spin-averaged and squared matrix element
corresponding to the hadronic current (4) is given as

〈|M|2〉 = 〈|M0|2〉 + 〈|M|2〉V F ± 〈|M|2〉FA + 〈|M|2〉FF , (6)

where the terms associated with M0 correspond to the hadronic current without weak magnetism (F2 = 0),

〈|M0|2〉 = 〈|M|2〉VV + 〈|M|2〉AA ± 〈|M|2〉VA, (7)
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with

〈|M|2〉VV = (4 G)2g2
V [(p1 · p∗

2)(p3 · p∗
4) + (p1 · p∗

4)(p3 · p∗
2) − m∗

2m∗
4 (p1 · p3)], (8a)

〈|M|2〉AA = (4 G)2g2
A[(p1 · p∗

2)(p3 · p∗
4) + (p1 · p∗

4)(p3 · p∗
2) + m∗

2m∗
4 (p1 · p3)], (8b)

〈|M|2〉VA = 2(4 G)2gV gA[(p1 · p∗
2)(p3 · p∗

4) − (p1 · p∗
4)(p3 · p∗

2)]. (8c)

The remaining terms in Eq. (6) are the contributions due to weak magnetism,

〈|M|2〉V F = (4 G)2gV
F2

2M
{[(p1 · p∗

2)m∗
4 − (p1 · p∗

4)m∗
2](p3 · q∗) + [(p3 · p∗

2)m∗
4 − (p3 · p∗

4)m∗
2](p1 · q∗)

+ [(q∗ · p∗
2)m∗

4 − (q∗ · p∗
4)m∗

2](p1 · p3)}, (9a)

〈|M|2〉FA = 2(4 G)2gA
F2

2M
{[(p1 · p∗

2)m∗
4 + (p1 · p∗

4)m∗
2](p3 · q∗) − .[(p3 · p∗

2)m∗
4 + (p3 · p∗

4)m∗
2](p1 · q∗)}, (9b)

〈|M|2〉FF = 1

2
(4 G)2

(
F2

2M

)2

{2[(p3 · p∗
2)(p∗

4 · q∗) + (p3 · p∗
4)(p∗

2 · q∗)](p1 · q∗) + 2[(p1 · p∗
2)(p∗

4 · q∗)

+ (p1 · p∗
4)(p∗

2 · q∗)](p3 · q∗) − 2(p1 · q∗)(p3 · q∗)(p∗
2 · p∗

4) + q∗2[(p1 · p3)(p∗
2 · p∗

4)

− 2(p1 · p∗
2)(p3 · p∗

4) − 2(p1 · p∗
4)(p3 · p∗

2)] − m∗
2m∗

4[(p1 · p3)q∗2 + 2(p1 · q∗)(p3 · q∗)]}. (9c)

The “+” (“−”) sign of the VA and FA terms in Eqs. (6) and (7) corresponds to the neutrino (antineutrino) reaction. Applying
the energy-momentum delta function and integrating over all angles, expression (5) can be reduced algebraically to a two-
dimensional integral as follows (details are given in Appendix A):

χ (E1) = G2

4π3E2
1

∫ E3+

E3−
dE3(1 − f3)

∫ E2+

E2−
dE2 f2(1 − f4) 
. (10)

The explicit form of 
, as well as the integration limits E2± and E3± , can be found in Appendix A.

B. Inverse neutron decay

For cold neutron star conditions, neutron decay, n → p + e− + ν̄e, being part of the direct Urca processes, is suppressed
whenever the proton faction Yp < xc with xc = 1/9 if muons are neglected and xc � 0.148 if they are considered [39,40]. For
PNS evolution, due to the higher temperature on the order of tens of MeV and higher Ye values, neutron decay may not be
ignored, as discussed below.

We can generalize the rate expression (10) to describe the ν̄e opacity for the inverse neutron decay, ν̄e + e− + p → n, as
follows:

χdec(Eν̄e ) = G2

4π3E2
ν̄e

∫ E3+

E3−
dEe fe

∫ E2+

E2−
dEp fp(1 − fn) 
dec, (11)

where 
dec is obtained from 
 for ν̄e capture on protons with
the replacement E3 → −E3 (see Appendices A and B).

C. Elastic approximation

It is convenient to introduce the elastic approximation,
which has been commonly employed in supernova studies.
This approximation is obtained by considering nonrelativistic
nucleons, the dominant VV and AA terms in the matrix
element neglecting dependence on the lepton angle, and as-
suming zero momentum transfer. Under these assumptions the
opacity reduces to [19,41]

χ0(E1) ≈ G2

π

(
g2

V + 3g2
A

)
p3 E3 [1 − f3(E3)] η24, (12)

with

η24 = n2 − n4

1 − exp[β(ϕ4 − ϕ2)]
, (13)

where ni denote the number density of particle species i and
ϕi are the free Fermi gas chemical potential, related to the
nuclear EOS chemical potentials μi via ϕi = μi − m∗

i − Ui.
Within this approximation, inelastic contributions to the

opacity and corrections due to weak magnetism are com-
monly taken into account based on the description provided
in Ref. [29], where these effects are approximated by neutrino
energy dependent factors for νe and ν̄e,

χ
(
Eνe

) = Rνe

(
Eνe

)
χ0

(
Eνe

)
, (14a)

χ
(
Eν̄e

) = Rν̄e

(
Eν̄e

)
χ0

(
Eν̄e

)
. (14b)

The factors Rνe (Eνe ) and Rν̄e (Eν̄e ) are shown in the bottom
panels of Fig. 1.

Let us first consider νe absorption on neutrons. At low
neutrino energies such that Ee < μe, the opacity is suppressed
by final state blocking and behaves as

χ0
(
Eνe

) ≈ (
Eνe + 
m∗

np + 
Unp
)2

eβ(Eνe +
m∗
np+
Unp−μe ),

(15)
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FIG. 1. Top panel (a): Opacity for charged-current reactions
at selected conditions (temperature T = 7 MeV, density ρ = 2 ×
1013 g cm−3, electron fraction Ye = 0.05) corresponding to a mean-
field potential difference of Un − Up = 8.3 MeV. Shown are the
processes (1) and (2) of Table I for the full kinematics approach
including weak magnetism, Eq. (10) (thick solid black lines), in
comparison with the elastic approximation, Eq. (12) (thin black dash-
dotted lines), and including the approximate treatment of inelasticity
and weak magnetism of Ref. [29], Eqs. (14a) and (14b) (thick dashed
red lines). The inverse neutron decay opacity for ν̄e is shown via
the green lines in the same setup: full kinematics, Eq. (11) (thick
solid line), vs elastic approximation, Eq. (16) (thin dash dotted
line). Bottom panels (b) and (c): Approximate correction factors for
inelastic contributions and weak magnetism (14a) for νe and (14b)
for ν̄e of Ref. [29] (red dashed lines), in comparison to the ratios of
Eqs. (10) and (12) (solid black lines).

with 
m∗
np = m∗

n − m∗
p and 
Unp = Un − Up. From expres-

sion (15) it becomes clear that the opacity increases exponen-
tially with 
Unp, i.e., with increasing symmetry energy.

For ν̄e, there is no final state blocking for the positron. The
main effect of the mean-field correction 
Unp is to suppress
the opacity for antineutrino energies Eν̄e < me + 
m∗

np +

Unp, or Eν̄e � 10 MeV for typical conditions around the
ν̄e sphere of last scattering. Including inelastic contributions
to the response function will result in a nonzero opacity
at energies lower than the above threshold, as illustrated in
Fig. 1 comparing the solid black line (full kinematics) and
dash-dotted line (elastic approximation). However, such opac-
ity is strongly suppressed, as also seen in Fig. 1. This behavior

TABLE I. Neutrino reactions considered, including references.
ν = {νe, ν̄e, νμ/τ , ν̄μ/τ } and N = {n, p}.

Weak process Reference

1 e− + p � n + νe [19,29]
2 e+ + n � p + ν̄e [19,29]
3 n � p + e− + ν̄e this work
4 νe + (A, Z − 1) � (A, Z ) + e− [55]
5 ν + N � ν ′ + N [29,41,56]
6 ν + (A, Z ) � ν ′ + (A, Z ) [41,56]
7 ν + e± � ν ′ + e± [41,57]
8 e− + e+ � ν + ν̄ [41]
9 N + N � ν + ν̄ + N + N [58]
10 νe + ν̄e � νμ/τ + ν̄μ/τ [59,60]
11 ν + ν̄ + (A, Z ) � (A, Z )∗ [61,62]

has been related to the frustrated kinematics due to energy-
momentum conservation restrictions on single-particle inter-
actions in processes similar to (1) (cf. [21]). The authors of
Ref. [21] explored the role of nuclear many-body correlations
at the level of the random-phase approximation and reactions
with two nucleons in the initial and final states (e.g., νe + n +
n → n + p + e− and ν̄e + p + n → n + n + e+), and found
small corrections. These charged-current processes are gen-
eralizations of the modified-Urca reactions that are the main
source of neutrino production in cold neutron stars [42,43].

The opacity for inverse neutron decay can also be obtained
within the elastic approximation:

χdec
0

(
Eν̄e

) ≈ G2

π

(
g2

V + 3g2
A

)
peEe f (Ee) ηpn, (16)

with Ee = 
m∗
np + 
Unp − Eν̄e .

Figure 1 shows that for low neutrino energies the ν̄e opacity
due to inverse neutron decay and the νe opacity for absorption
on neutrons are of similar magnitude. This is a general result
that is independent of the treatment of the nuclear medium, as
demonstrated in Appendix B).

The equations of state commonly used in core-collapse
supernova simulations treat neutrons and protons as noninter-
acting quasiparticles that move in a mean-field single-particle
potential, U2,4, that depends on temperature, density, and Ye.
For the neutron-rich conditions around the neutrinospheres
the mean-field potentials for protons and neutrons can be
very different, on the order of tens of MeV. The difference

U = U2 − U4 is directly related to the nuclear symmetry
energy [44,45], which has a strong density dependence. Note
that, for practical purposes, we integrate Eq. (10) numerically
using 32-grid-point Gauss quadratures for each dimension.

III. SUPERNOVA MODEL

Our core-collapse supernova model, AGILE-BOLTZTRAN,
is based on spherically symmetric and general relativis-
tic neutrino radiation hydrodynamics with angle- and
energy-dependent three-flavor Boltzmann neutrino transport
[46–48]. The implicit method for solving the hydrodynamics
equations and the Boltzmann transport equation on an adap-
tive Lagrangian mesh has been compared with other methods,
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e.g., with the multigroup flux limited diffusion approximation
[49] and the variable Eddington factor technique [50].

Here we employ the nuclear EOS from Ref. [51]. It is based
on the relativistic mean-field (RMF) framework for homoge-
neous nuclear matter with the RMF parametrization DD2 [52],
henceforth denoted as HS(DD2). Moreover, nuclei are treated
within the modified nuclear statistical equilibrium approach
for several thousand nuclear species based on tabulated and
partly calculated masses. It is part of the comprehensive
multipurpose EOS catalog CompOSE [53]. In addition, lepton
and photon contributions are added based on the EOS from
Ref. [54].

The set of weak reactions considered is listed in Table I.
For both charged-current absorption (reactions 1 and 2 in
Table I) and neutral current scattering (reaction 5 in Table I)
on nucleons, previously we employed the elastic approxi-
mation of Ref. [41]. For the consistent treatment of nuclear
EOS and charged-current absorption processes 1 and 2 of
Table I, medium modifications are take into account at the
mean-field level following Ref. [19] based on the nuclear
EOS HS(DD2). They determine spectral differences between
νe and ν̄e [20,21,63]. In this work we implement the newly
developed charged-current rates with the full kinematics,
expression (10), into the charged-current interaction module
of AGILE-BOLTZTRAN. This extends the previously employed
elastic approach, with the approximate treatment of recoil
and weak magnetism corrections of Ref. [29]. In order to
accurately capture the low- and intermediate-energy behav-
ior of the charged-current weak rates, the neutrino energy
resolution of BOLTZTRAN is enhanced to 24 bins extended
down to 0.5 MeV. For the neutral current neutrino nucleon
scattering processes 5 in Table I, inelastic contributions and
weak magnetism corrections are taken into account following
Ref. [29] for the elastic rates. The latter corrections were
determined for conditions relevant to neutrino-driven wind
ejecta where the initial nucleon can be assumed at rest
and final state blocking can be neglected. It remains to be
demonstrated to what extent they remain valid for the high
density/temperature conditions at which neutrinos decouple.
While recoil corrections are known to reduce similarly the νe

and ν̄e opacity, weak magnetism corrections increase slightly
the opacity for neutrinos and strongly reduce that of antineu-
trinos. Both effects have been commonly included in core-
collapse supernova simulations (cf. Refs. [50,64]). They were
also included in simulations of the PNS deleptonization [16].
Note that contributions due to strange quark contents are not
taken into account [65].

Figure 1 shows the opacities from the inverse neutron
decay (green lines) and the charged-current absorption pro-
cesses 1 and 2 in Table I (black/red lines), comparing the
full kinematics approach with weak magnetism contributions,
Eq. (10) for processes 1 and 2 in Table I and Eq. (11) for
the inverse neutron decay (thick solid lines); the elastic ap-
proximation including recoil and weak magnetism, Eqs. (14a)
and (14b) [29] (dashed lines); and the elastic rates without
recoil and weak magnetism corrections, Eq. (12) (dash-dotted
lines). The conditions, T = 7 MeV, ρ = 2 × 1013 g cm−3, and
Ye = 0.1, correspond to the neutrinosphere during the delep-
tonization phase, where electron neutrinos have an equilib-

rium chemical potential of μ
eq
νe = 25 MeV and where 
U =

8.3 MeV. Note that at these conditions, besides neutrons
(Xn = 0.75, μn − mn = −1.6 MeV, Un = 35.34 MeV, m∗

n =
899.3 MeV) and protons (Xp = 0.02, μp − mp = −37.8 MeV,
Up = 27.04 MeV, m∗

p = 898.0 MeV), there is still a non-
negligible abundance of light nuclear clusters, e.g., deuterons
(X2H = 0.027) and tritons (X3H = 0.1), as well as heavy nuclei
(X(A,Z ) = 0.08) with average atomic mass A � 75 and charge
Z � 22, based on the HS(DD2) EOS employed here (see
also Ref. [66]). In Fig. 1 we can identify the suppression
of the ν̄e opacity for reaction 2 in Table I at low neutrino
energies discussed in the previous section. Current super-
nova models, which neglect the neutron decay, produce low
energy ν̄e by N–N bremsstrahlung and down-scattering of
high energy neutrinos by nucleons and electrons. The former
process is relatively inefficient due to final state blocking by
trapped νe. Figure 1 shows that the neutron decay can in
fact be the dominating production channel for low energy ν̄e.
Moreover, Fig. 1 (bottom panels) highlights the importance
of the correct kinematics, which cannot be captured by the
energy-dependent approximate factors of Ref. [29]. Note in
particular the underestimation of the absorption rate of ν̄e in
the intermediate-energy region where thermal excitations of
the nucleons give rise to a finite opacity, unlike for the elastic
rate which is identical to zero for Eν̄e < 
Unp + 
m∗

np. This
is also the reason for the sudden rise of the elastic-to-inelastic
rate ratio around Eν � 10–15 MeV in Fig. 1 (bottom panel),
below which the comparison between elastic and inelastic
rates breaks down.

IV. PROTO-NEUTRON STAR DELEPTONIZATION

In this section, results from spherically symmetric super-
nova simulations are discussed. The simulations are launched
from the 18M� precollapse progenitor of Ref. [67]. It was
evolved consistently through all phases prior to the super-
nova explosion onset, and has been subject to numerous
supernova studies with focus on the stellar core collapse and
bounce/post-bounce dynamics [62,66,68] as well as simu-
lations of the PNS deleptonization [12,69]. Here we focus
on the latter in order to study the role of charged-current
weak processes on the neutrino fluxes and spectra as well
as their evolution after the supernova explosion onset. Since
self-consistent neutrino-driven supernova explosions cannot
be obtained in spherical symmetry, the explosion is triggered
by artificially enhancing the neutrino heating via reactions 1
and 2 in Table I [15]. After a short period of shock stalling,
this results in the slow but continuous expansion of the bounce
shock to increasingly larger radii, with the launch of the ex-
plosion onset at around t = 0.35 s post bounce. The explosion
shock reaches radii around 1000 km at about t = 0.5 s post
bounce. Once the explosion proceeds we switch back to the
standard rates. This method has been employed previously
[20] and compares qualitatively well with other artificially
neutrino-driven explosion methods [70,71].

In order to quantify the impact of the different treatments
of charged-current weak processes, we show in Fig. 2 the post-
bounce evolution of the neutrino luminosities (top panels)
and average energies (bottom panels) for all flavors. We first
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FIG. 2. Post bounce evolution of the neutrino energy luminosi-
ties Lν and average energies 〈Eν〉 (sampled in the co-moving frame
of reference at a radius of 1000 km), comparing four treatments
of the charged-current rates: full kinematics (black lines), elastic
approximation including inelastic corrections and weak magnetism
contributions (red lines) [29], elastic approximation without inelastic
corrections and weak magnetism contributions (grey lines), and
full kinematics including the neutron decay channel (green lines).
Note that Lν̄x is not shown here because Lν̄x and Lνx are nearly
indistinguishable on the scale used.

compare the elastic approach (grey lines) and the approximate
treatment of inelastic contributions and weak magnetism [29]
(red lines), which show marginal differences in the luminosi-
ties of ν̄e, νx, and ν̄x, as well as their average energies. In par-

ticular, employing the elastic treatment underestimates these
quantities. This is because the inclusion of weak magnetism
and recoil suppresses the opacity of the charged-current in-
teraction of ν̄e and neutral current interaction of all flavors
[29]. Note that as the effect due to the weak magnetism and
recoil in Ref. [29] is larger for higher neutrino energies, the
differences discussed above decrease at later times when the
average neutrino energies decrease.

In comparing these results now with those based on the
full kinematics (black lines), Fig. 2 shows that the νe and
ν̄e luminosities and average energies are lower with the full
kinematics treatment. This is due to the larger charged-current
opacities (see Fig. 1) at low and intermediate energies. Nev-
ertheless, the elastic approach with the approximate inclu-
sion of weak magnetism and recoil provides a relatively
good overall description of the gross evolution of the early
PNS deleptonization. The main aspects, i.e., enhancement of
the ν̄ fluxes and average energies are captured qualitatively,
partly also because we employ the same elastic rates with
the approximate inclusion of recoil and weak magnetism of
Ref. [29] for the neutrino-nucleon scattering rates [41,57] for
all the models discussed here.

Because all four treatments of charged-current weak rates
feature a similar evolution during the early PNS deleptoniza-
tion phase, there are only marginal differences in the PNS
restmass density and temperature structure at t = 1 s, as illus-
trated in Fig. 3. However, the fully inelastic treatment results
in a slower net deleptonization rate, Ṅνe − Ṅν̄e , as shown in
Fig. 4 (black lines), already during the very early deleptoniza-
tion phase on the order of few 100 ms. Note that prior to
the supernova explosion onset the central evolution of the
PNSs where weak equilibrium is established is identical for
all simulations, independent of the treatment of the charged-
current weak rates. The situation changes shortly after the
explosion onset, when the PNSs enter the deleptonization
phase. The generally slower deleptonization rate for the full
kinematics treatment, in comparison to the elastic rates (see
Fig. 4), features a higher Ye at high density domain of the PNS
interior, which is notable already at about 1 s post bounce (see
Fig. 3). This difference increases during the proceeding PNS
deleptonization. Note that the differences in the evolution of
Ṅνe and Ṅν̄e for the different cases behave similarly to those in
the energy luminosities shown in Fig. 2 and discussed in the
previous paragraphs.

In order to further quantify the impact of weak magnetism
and recoil contributions, we show in Fig. 5 the density de-
pendence of the inverse mean-free path (see Ref. [10] for
the definition) for all neutrino flavors. The upper panel is for
elastic neutral-current scattering on neutrons and protons, col-
lectively denoted as νN , and the bottom panel is for inelastic
processes, i.e., pair processes νν̄ including all of the reactions
8–10 in Table I, neutrino-electron/positron scattering νe±,
and charged-current νen and ν̄e p absorption. The conditions
in Fig. 5 correspond to the situation at about 5 s post bounce.
The vertical lines in Fig. 5 mark the locations of the neu-
trinospheres of last elastic (top panel) and inelastic (bottom
panel) scattering. From Fig. 5 it becomes clear that the elastic
opacities for νe and νμ/τ are affected only marginally by the
inclusion of weak magnetism and recoil; the opacity reduction
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FIG. 3. Evolution of the PNS structure at two selected post-
bounce times, in terms of temperature T , density ρ, Ye, and mean-
field potential difference Un − Up, comparing four treatments of
the charged-current rates: full kinematics (black lines), elastic ap-
proximation including inelastic corrections and weak magnetism
contributions (red lines) [29], elastic approximation without inelastic
corrections and weak magnetism contributions (grey lines), and full
kinematics including the neutron decay channel (green lines).

due to weak magnetism and recoil is negligible for these neu-
trino flavors around their corresponding decoupling spheres.
Note that, without weak magnetism and recoil corrections to
the ν̄N scattering opacity, the location of the ν̄e, νμ/τ , and
ν̄μ/τ spheres of last elastic scattering would coincide and
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FIG. 4. Post-bounce evolution of the νe and ν̄e number luminos-
ity and deleptonization rate, Ṅνe − Ṅν̄e , comparing four treatments
of the charged-current rates: full kinematics (black lines), elastic
approximation including inelastic corrections and weak magnetism
contributions (red lines) [29], elastic approximation without inelastic
corrections and weak magnetism contributions (grey lines), and full
kinematics including the neutron decay channel (green lines).

the spectral differences between these flavors are only due
to inelastic scattering on electrons/positrons, as well as the
charged-current absorption for ν̄e. Now, with weak magnetism
and recoil corrections, the situation changes for antineutrinos.
These corrections suppress the elastic ν̄e and ν̄μ/τ scattering
opacity, which results in the shift of the neutrinospheres to
higher densities and higher temperatures. Consequently, the
average energies of the antineutrinos are enhanced, consistent
with the discussion above and Fig. 2. Low-density differences
obtained when comparing the different treatments in Fig. 5, in
particular for opacity channels involving e± and protons, are
due to different Ye, which will be further discussed in Sec. V.

This is the first time that the enhancement of the average
energies of ν̄e and ν̄μ/τ due to weak magnetism and recoil
corrections has been quantified. It was predicted in Ref. [29]
and observed in supernova simulations [20,72,73].
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FIG. 5. Density (ρ) dependence of the inverse neutrino mean-free path 1/λ for all flavors (x = μ/τ ) and selected channels from
the simulations of the PNS deleptonization, comparing four treatments of the charged-current rates: full kinematics (black lines), elastic
approximation including inelastic corrections and weak magnetism contributions (red lines) [29], elastic approximation without inelastic
corrections and weak magnetism contributions (grey lines), and full kinematics including the neutron decay channel (green lines). The
conditions correspond to the PNS deleptonization at a post-bounce time of 5 s (see also Fig. 3). The opacity is separated into elastic scattering
on nucleons (top) and inelastic processes (bottom). The channel νeν̄e (νx ν̄x) includes all of the pair processes 8–10 in Table I and the green line
for the channel ν̄e p contains the inverse neutron decay. Vertical lines mark the positions of the neutrinospheres of last elastic (top) and inelastic
(bottom) reactions.

Let us discuss now the impact due to the inclusion of the
inverse neutron decay as an additional opacity channel for
ν̄e at low and intermediate energies. While this new opacity
channel has a negligible impact on the νe and νx (ν̄x) fluxes and
spectra during the early PNS deleptonization, the inclusion
of the (inverse) neutron decay does result in a substantial
reduction of the average energy for ν̄e (see Fig. 2). This result
can be mainly traced to the low-energy enhancement of the
charged-current ν̄e absorption opacity, as illustrated by the
solid green lines for the inelastic ν̄e p process in the bottom
panels of Figs. 5 and 6. The enhanced ν̄e p opacity shifts the
neutrinosphere of last inelastic scattering to lower density,
so ν̄e energetically decouple at lower temperatures with a
lower average energy. However, the lower average ν̄e energy
reduces the elastic opacity (top panels of Figs. 5 and 6), so
paradoxically the neutrinosphere of last elastic ν̄e scattering
moves to higher density and temperature relative to cases
without neutron decay. Nevertheless, the neutrinosphere of
last elastic ν̄e scattering is always outside that of last inelastic
ν̄e scattering. The above results also lead to slight reduction of
the neutron abundance in the region of neutrino decoupling.

The enhanced ν̄e opacity at densities of ≈1014 g cm−3 due
to inverse neutron decay does not affect the PNS structure

as long as charged-current absorption processes for both νe

and ν̄e are treated with the full kinematics (see Fig. 3).
As mentioned above, the inclusion of the (inverse) neutron
decay reduces the average ν̄e energy, and hence the elastic
neutral-current neutrino-nucleon scattering opacity for ν̄e (see
the upper panels of Figs. 5 and 6). On the other hand, the
reduction of the neutrino-nucleon scattering opacity for νe in
the region of decoupling is due to the higher Ye and hence
lower neutron abundance. The same holds for the heavy-
lepton flavors, but to a lesser extent due to their decou-
pling at slightly higher density. The reduced neutrino-neutron
scattering inverse mean-free path results in the slight enhance-
ment of the νe and ν̄e luminosities (see Fig. 2). The impact for
the νx (ν̄x) is negligible because they decouple at somewhat
higher density where the neutron abundance is not affected by
the inclusion of the (inverse) neutron decay.

V. IMPACT ON NEUTRINO-DRIVEN WIND
NUCLEOSYNTHESIS

The material at the PNS surface is subject to neutrino
heating, mainly via reactions 1 and 2 in Table I, during the
entire deleptonization phase. This leads to the subsequent
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FIG. 6. Same as Fig. 5, but for a post-bounce time of 10 s.

ejection of the neutrino-driven wind, which is a site for the
nucleosynthesis of heavy elements beyond the iron group.
Note that the primary nucleosynthesis takes place during the
early neutrino-driven wind phase when most mass is ejected.

The PNS evolution during the deleptonization, hence the
nucleosynthesis of the neutrino-driven wind, is independent of
the details of the explosion mechanism. Besides the properties
of the remnant PNS, the nucleosynthesis conditions of the
neutrino-driven wind are entirely determined by the neutrino
fluxes and energies as well as their evolution during the PNS
deleptonization [26]. Larger (smaller) spectral differences
between νe and ν̄e tend to result in more neutron-rich (proton-
rich) conditions.

The top panel of Fig. 7 shows the time evolution of Ye of the
neutrino-driven wind, obtained from detailed nucleosynthesis
calculations [11], which will be discussed further below. The
Ye values correspond to the time when the temperature of
the wind ejecta equals about 5 × 109 K. Note that we do
not include matter ejected by the supernova shock expansion.
From Fig. 7 it becomes clear that for the elastic charged-
current rates indeed a slightly neutron-rich neutrino-driven
wind is found during the early phase (grey dash-dotted line
in Fig. 7). It corresponds to the phase with the largest spectral
differences between νe and ν̄e, which in turn are due to the
medium effects via modified Q values (Q0 ± 
U ) for the
charged-current reactions 1 and 1 in Table I (for details, cf.
Refs. [20,21,63]). They mainly suppress the ν̄e-absorption
opacity at low energies, which shifts the average ν̄e energy

to higher values. The degree of neutron excess depends on the
nuclear EOS. Towards later times, the spectral differences are
reduced (see Fig. 2) and material turns proton rich.

Now, the inclusion of weak magnetism corrections as well
as nucleon recoil to the elastic rates, i.e., Eqs. (14a) and (14b),
as in Ref. [29], enhances the spectral differences between νe

and ν̄e slightly (red lines in Fig. 2). Naively, one would expect
the neutron excess to increase during the early neutrino-driven
wind phase. However, this is not the case (red dashed line
in Fig. 7). The neutron excess actually decreases because the
modifications due to weak magnetism must also be applied to
the reactions determining Ye, which results in the reduction of
the ν̄e cross section (see Fig. 1). The reaction 1 in Table I, more
precisely the inverse process, is consequently less efficient to
maintain the moderately low Ye, and material more readily
turns proton rich (compare the grey dash-dotted and red
dashed lines in Fig. 7).

With the full kinematics treatment of the charged-current
processes for both ν̄e and νe, the differences in their average
energies and luminosities increase again (as discussed above;
see the solid black lines in Fig. 2), which in turn increases
the neutron excess back. However, with the inclusion of the
inverse neutron decay as an additional source of opacity
for ν̄e, the spectral difference between ν̄e and νe is reduced
dramatically (see Fig. 2), turning material only slightly neu-
tron rich with the lowest Ye � 0.49 during the early delep-
tonization between 1–2 s post bounce, while turning to the
proton-rich side already at 3 s post bounce. This demonstrates
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FIG. 7. Top panel: Time evolution of Ye in the neutrino-driven
wind (see text for details), with four different treatments of the
charged-current rates: full kinematics (black lines), elastic approx-
imation including inelastic corrections and weak magnetism con-
tributions (red lines) [29], elastic approximation without inelastic
corrections and weak magnetism contributions (grey lines), and full
kinematics including the neutron decay channel (green lines). Bot-
tom panel: The corresponding integrated elemental nucleosynthesis
results.

how sensitive the nucleosynthesis conditions are to even
small spectral changes from modifications of the neutrino
opacity.

We further calculate the corresponding nucleosynthesis
yields in the neutrino-driven wind with these four different
treatments of the charged-current weak processes using an
established nuclear reaction network as in Ref. [74,75]. Note
that we have used the charged-current νe and ν̄e capture
rates of Ref. [29] in the reaction network to track the Ye

evolution inside the wind, for the three cases other than the
elastic approximation without any weak-magnetism and recoil
corrections, as the three sets of rates give consistent results
in low density and temperature environment of the wind. The
results are shown in the bottom panel of Fig. 7. Note again that
these nucleosynthesis results contain the neutrino-driven wind
only; i.e., explosive nucleosynthesis, which is associated with
the shock expansion through the stellar envelope, is excluded.
With the inclusion of the inverse neutron decay and the lack
of any significantly neutron-rich ejecta, the nucleosynthesis

path terminates even before reaching the light neutron-capture
elements associated with atomic numbers of 38 < Z < 42,
which had been reported previously based on the elastic
treatment of weak rates due to the inclusion of medium mod-
ifications at the mean-field level [20,30]. However, material
is also not proton-rich enough during the early evolution,
when the neutrino fluxes are still substantial, such that we
cannot obtain any νp process [76]. This may change due to the
convection inside the PNS (not included in this work) which
tends to turn material to the proton-rich side at all times during
the PNS deleptonization [72].

VI. SUMMARY

In this study we have explored a novel source of opacity
in the charged-current absorption channel for ν̄e due to the
inverse neutron decay. This process is enabled only due to
medium modifications since the neutron and proton Fermi
energies can be very different under supernova conditions.
The medium modifications are treated at the mean-field level
based on the nuclear RMF EOS, in a similar fashion for all
charged-current absorption weak processes. The reaction rate
for the (inverse) neutron decay is included in our spherically
symmetric core collapse supernova model AGILE-BOLTZTRAN.
In contrast to previous studies [20,30], here we develop the
framework to account for inelastic contributions and weak
magnetism corrections within the full kinematics framework
for the electronic charged-current absorption reactions, while
treating the neutral current neutrino nucleon scattering pro-
cesses within the elastic approximation and accounting for
these contributions following Ref. [29].

These corrections generally reduce the ν̄e cross sections,
which results in a slight increase of the corresponding lu-
minosities and average energies [50]. During the accretion
phase, however, the inclusion of the (inverse) neutron decay
leaves a negligible impact on the neutrino signal as well as on
the dynamical evolution. This is associated with the physics
of neutrino emission and heating/cooling, in other words
neutrino decoupling, which is located in the thick layer of
low-density material accumulated at the PNS surface during
the accretion phase. There the medium modifications for the
charged-current absorption processes are generally negligible,
and hence the (inverse) neutron decay is suppressed.

The situation changes with the onset of the supernova
explosion, when the stalled bounce shock is revived and
moves to increasingly large radii. The subsequent evolution
of the PNS is determined by the diffusion of neutrinos of all
flavors and the consequent deleptonization of the PNS. During
the first few 100 ms of the PNS deleptonization the thick
layer of accumulated material at the PNS surface falls into
the steep gravitational potential as mass accretion vanishes
at the PNS surface. Consequently the neutrino fluxes are no
longer determined by mass accretion but instead by diffusion.
Neutrinos of all flavors decouple at generally higher density
and temperature. The advantage of our spherically symmetric
model lies in the inclusion of three-flavor Boltzmann neutrino
transport. However, the details of the transition from accre-
tion to diffusion dominated neutrino emission depend on the
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multidimensional nature of the proceeding supernova explo-
sion. The associated delay may be enhanced when treated
in multidimensional simulations [77–80], despite difficulties
reaching late-enough times beyond 1 s post bounce to cap-
ture the transition, and besides the approximate treatment
of neutrino transport in such models. Moreover, it has been
discussed that the supernova phenomenon in general shows
quantitatively different evolution in the full three-dimensional
degrees of freedom [65,81].

During the PNS deleptonization phase it has been shown
that ν̄e become increasingly similar to the heavy-lepton fla-
vor neutrinos [10]. It can be understood at the level of an
analysis based on the neutrino opacity. The decoupling of
ν̄e from matter is dominantly determined by neutral current
elastic scattering on neutrons, while charged-current absorp-
tion on neutrons dominates the νe opacity. Here the (inverse)
neutron decay is enabled in the ν̄e-decoupling region due
to the increased medium modifications at higher densities.
The impact on the integrated neutrino observables is non-
negligible, resulting in a substantial reduction of the average
ν̄e energies, though obtained only with the fully inelastic
treatment. The impact on the ν̄e spectra and fluxes is sig-
nificantly smaller with the elastic approximation, which we
confirmed by performing additional simulations employing
the elastic rates for the (inverse) neutron decay only. In this
paper we have demonstrated the importance of the correct
treatment of inelastic contributions as well as weak mag-
netism with the full kinematics approach, in order to accu-
rately capture the formation and evolution of the neutrino
spectra.

This has important consequences for the nucleosynthesis
conditions of the neutrino-driven wind ejected from the PNS
surface during the deleptonization. Generally large differ-
ences are found from the inclusion of inelastic contributions
and weak magnetism corrections within the full kinematics
approach, in comparison to the elastic approximation includ-
ing effectively inelastic contributions and weak magnetism
corrections [29]. Previously reported moderately large neu-
tron excess, which included the medium modifications at the
level of the elastic approximation and neglecting the inverse
neutron decay [30], cannot be confirmed. The full kinemat-

ics and inclusion of the inverse neutron decay reduce the
neutron excess to a minimum of Ye � 0.49 during the early
PNS deleptonization phase. Contributions from nuclear many-
body correlations to both charged- and neutral-current pro-
cesses [82] may further alter spectral differences between ν̄e

and νe.
The present work demonstrates the importance of the con-

sistent treatment of nuclear EOS and weak processes, opening
channels that have not been considered before but can leave an
impact on the neutrino fluxes and spectra. Moreover, this is es-
sential for the prediction of reliable neutrino luminosities and
spectra for potential observable signals from the next galactic
supernova [11], as well as the nucleosynthesis conditions.
Further progress will require the inclusion of nuclear many-
body correlations as well as muonic weak processes [73].
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APPENDIX A: EXPRESSIONS FOR �

In this section, we present the expression of 
 for νe (ν̄e)
capture. The expression without weak magnetism is obtained
by setting F2 = 0.

The matrix element in Eq. (9a) can be sorted into different
four-momenta products as

〈|M|2〉 = AtotMA + BtotMB + · · · + KtotMK + LtotML = (4 G)2[Atot (p1 · p∗
2)(p3 · p∗

4)

+ Btot (p1 · p∗
4)(p3 · p∗

2) + Ctot (p1 · p∗
2)2(p1 · p3) + Dtot (p1 · p∗

2)(p1 · p3)2 + Etot (p1 · p∗
2)2

+ Ftot (p1 · p3)2 + Htot (p1 · p∗
2)(p1 · p3) + Jtot (p1 · p∗

2) + Ktot (p1 · p3) + Ltot]. (A1)

Then the opacity can be expressed as

χ (E1) = G2

π

1

(2π )2

1

E2
1

∫ E3+

E3−
dE3(1 − f3)

∫ E2+

E2−
dE2 f2(1 − f4)
 f , (A2)

where


 f =
∑

X

XtotIX = AtotIA + BtotIB + CtotIC + DtotID + EtotIE + FtotIF + HtotIH + JtotIJ + KtotIK + LtotIL, (A3)
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and

IX = p̄1 p̄2 p̄3 p̄4

(2π )2

∫
d�2d�3d�4dE4MX δ4(p1 + p2 − p3 − p4)

= p̄1 p̄2 p̄3 p̄4

(2π )2

∫
d�2d�3d�4MX δ3(p1 + p2 − p3 − p4), (A4)

with p̄i ≡ |pi|. The coefficients Xtot in Eq. (A4) are

Atot = (gV ± gA)2 ± 2gAF2
m∗

2

mN

(
1 − 
m∗

2m∗
2

)
,

Btot = (gV ∓ gA)2 ∓ 2gAF2
m∗

2

mN

(
1 − 
m∗

2m∗
2

)
,

Ctot = F 2
2

m2
N

,

Dtot = − F 2
2

m2
N

,

Etot = − F 2
2

2m2
N

[
m2

3 − 2
U (E3 − E1) + 
U 2
]
,

Ftot = gV F2
m∗

2

mN

(
2 − 
m∗

m∗
2

)
+ F 2

2

2m2
N

[
m∗

2m∗
4 − Q + m2

3

4
− 
U (E1 + E∗

2 ) − 
U 2

4

]
,

Htot = F 2
2

2m2
N

[
2Q + m2

3 + 
U (3E1 − E3 + 2E∗
4 )

]
,

Jtot = gV F2

m∗

2mN

[
m2

3 − 
U (E1 + E3)
] + F 2

2

2m2
N

JFF ,

Ktot = (
g2

A − g2
V

)
m∗

2m∗
4 + gV F2

m∗
2

2mN

{
−3m2

3 + 4
U (E3 − E1) − 
U 2 + 
m∗

m∗
2

[
2Q + m2

3 + 
U (2E1 − E3 + E∗
4 )

]}

+ F 2
2

2m2
N

KFF ,

Ltot = gV F2
m∗

2

mN

UE1

[
m2

3 − 
UE3 + 
m∗

2m∗
2

(
−Q − m2

3

2
− 
UE∗

4 + 
U 2

2

)]
+ F 2

2

2m2
N

LFF , (A5)

where the upper (lower) sign in “±” or “∓” is for the neutrino (antineutrino) reaction, and

JFF = 
U

{
−m2

3

(
E1 + E∗

2 + E∗
4

2

)
+ Q(E3 − 3E1) + 
U

2

[
E∗

4 (3E3 − 5E1) + E∗
2 (E3 + E1) + E2

3 − E2
1 − 2Q

]

+ 
U 2(E1 − E3 − E∗
4 ) + 
U 3

2

}
,

KFF = − (m∗
2 + 3m∗

4 )m∗
2

m2
3

4
+ Q2 + Q

m2
3

4
− m4

3

8

+ 
U

[
Q

2
(3E1 − E∗

2 + E3 + 3E∗
4 ) + m2

3

4
(2E∗

2 + E3 + E1) + m∗
2m∗

4(E3 − E1)

]

+ 
U 2

[
1

4

(
m∗2

2 − m∗
2m∗

4 − 3Q
) + E∗

4

2
(E3 + 2E1 − E∗

2 + E∗
4 ) + E∗

2

(
1

2
E1 − E3

)
+ E2

1

2

]

+ 
U 3

4
[−E1 + 2E∗

2 − E3 − 2E∗
4 ] + 
U 4

8
,

LFF = 
UE1

4

{
m2

3(m∗
2 + m∗

4 )2 − 4Q2 + 
U
[−m2

3(E∗
2 + E∗

4 + E1) − 2E3
(
m∗2

2 + m∗
2m∗

4

) + 2Q(E∗
2 − 3E∗

4 − E1)
]

+ 2
U 2[E∗
2 E3 + E∗

4 (E∗
2 − E∗

4 − E1) + Q] + 
U 3[−E∗
2 + E∗

4 + E1]
}
, (A6)

with 
U = U2 − U4, 
m∗ = m∗
2 − m∗

4, and Q = (m∗2
2 − m∗2

4 )/2.
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The integration over angles for IX in Eq. (A5) can be carried out analytically [83]. The expressions for IX=A,B,...,L are then
given as

IA = 1

60

[
3
(
p5

a+ − p5
a−

) − 10(a + b)
(
p3

a+ − p3
a−

) + 60ab(pa+ − pa−)
]
, (A7a)

IB = 1

60

[
3
(
p5

b+ − p5
b−

) − 10(c + d )
(
p3

b+ − p3
b−

) + 60cd (pb+ − pb−)
]
, (A7b)

IC =
[
−

(
p7

a+ − p7
a−

)
112

+ a + α1

20

(
p5

a+ − p5
a−

) − a2 + 4aα1 − α0

12

(
p3

a+ − p3
a−

)

+ (a2α1 − aα0)(pa+ − pa−) − a2α0
(
p−1

a+ − p−1
a−

)]
, (A7c)

ID =
[(

p7
c+ − p7

c−
)

112
+ e + ε1

20

(
p5

c+ − p5
c−

) + e2 + 4eε1 + ε0

12

(
p3

c+ − p3
c−

)

+ (e2ε1 + eε0)(pc+ − pc−) − e2ε0
(
p−1

c+ − p−1
c−

)]
, (A7d)

IE = 1

60

[
3
(
p5

a+ − p5
a−

) − 20a
(
p3

a+ − p3
a−

) + 60a2(pa+ − pa−)
]
, (A7e)

IF = 1

60

[
3
(
p5

c+ − p5
c−

) + 20e
(
p3

c+ − p3
c−

) + 60e2(pc+ − pc−)], (A7f)

IH =
[

p5
c+ − p5

c−
40

+ e + 2ε1

12

(
p3

c+ − p3
c−

) + 2eε1 + ε0

2
(pc+ − pc−) − eε0

(
p−1

c+ − p−1
c−

)]
, (A7g)

IJ = 1

6

[−(
p3

a+ − p3
a−

) + 6a(pa+ − pa−)
]
, (A7h)

IK = 1

6

[(
p3

c+ − p3
c−

) + 6e(pc+ − pc−)
]
, (A7i)

IL = pa+ − pa−, (A7j)

with

a = E1E∗
2 + p̄2

1 + p̄2
2

2
, b = E3E∗

4 + p̄2
3 + p̄2

4

2
, c = −E1E∗

4 + p̄2
1 + p̄2

4

2
, d = −E3E∗

2 + p̄2
2 + p̄2

3

2
, e = E1E3 − p̄2

1 + p̄2
3

2
,

α0 = 1

4

(
p̄2

1 − p̄2
2

)(
p̄2

4 − p̄2
3

)
, α1 = E1E3 − 1

4

(
p̄2

1 − p̄2
2 + p̄2

3 − p̄2
4

)
,

ε0 = 1

4

(
p̄2

1 − p̄2
3

)(
p̄2

2 − p̄2
4

)
, ε1 = E1E∗

2 + 1

4

(
p̄2

1 + p̄2
2 − p̄2

3 − p̄2
4

)
, (A8)

and

pa− = max {| p̄1 − p̄2|, | p̄3 − p̄4|}, pa+ = min {p̄1 + p̄2, p̄3 + p̄4}
pb− = max {| p̄1 − p̄4|, | p̄2 − p̄3|}, pb+ = min {p̄1 + p̄4, p̄2 + p̄3}, (A9)

pc− = max {| p̄1 − p̄3|, | p̄2 − p̄4|}, pc+ = min { p̄1 + p̄3, p̄2 + p̄4}.

In this study we determine the integration bounds of E2,3 in Eq. (A3) numerically to ensure all regions are kinematically allowed.
Another way is to set

E2− = max{m∗
2 + U2, m3 + m∗

4 + U4 − E1}, (A10)

E3− = m3, E3+ = E1 + E2 − m∗
4 − U4, (A11)

from E2,4 � m∗
2,4 + U2,4 and E3 � m3, and set the integrand to zero if pa− > pa+, pb− > pb+, or pc− > pc+. We notice that our

treatment of weak magnetism corrections produces results that are numerically identical to those of Ref. [28].
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APPENDIX B: RELATIONSHIP BETWEEN THE OPACITIES OF INVERSE NEUTRON DECAY AND NEUTRINO
ABSORPTION ON NEUTRONS

Assuming nonrelativistic nucleons, neglecting weak magnetism and the dependence of the matrix element on the angle
between nucleons, the opacity for inverse neutron decay can be expressed as

χ
(
Eν̄e

) = G2

4π2

(
g2

V + 3g2
A

) ∫ ∞

me

dEe
Ee

Eν̄e

f (Ee)
∫ Eν̄e +pe

|Eν̄e −pe|
dq q Spn

(
Ee + Eν̄e , q

)
, (B1)

where Spn(q0, q) is the structure function that characterizes the isospin response of the nuclear medium to an energy transfer
q0 and a momentum transfer q [19]. It is interesting to compare this expression with the neutrino emissivity for the reaction
e− + p → n + νe,

j
(
Eνe

) = G2

4π2

(
g2

V + 3g2
A

) ∫ ∞

me

dEe
Ee

Eνe

f (Ee)
∫ Eνe +pe

|Eνe −pe|
dq q Spn

(
Ee − Eνe , q

)
. (B2)

We expect very similar numerical values for both quantities due to the fact that both processes depend on the same response
function and involve similar energy transfer, q0 ≈ 
m∗

np + 
Unp. Using the detailed balance relation χ (Eνe ) = eβ(Eνe −μ
eq
νe ) j(Eνe ),

with μ
eq
νe = −μ

eq
ν̄e

= μe − (μn − μp), we obtain for the opacity of νe + n → p + e−

χ
(
Eνe

) = G2

4π2

(
g2

V + 3g2
A

)
eβ(Eνe −μ

eq
νe )

∫ ∞

me

dEe
Ee

Eνe

f (Ee)
∫ Eνe +pe

|Eνe −pe|
dq q Spn(Ee − Eνe , q). (B3)

For low (anti)neutrino energies the following approximate relation between the opacity for νe absorption and neutron decay is
valid:

χνen→pe− (E ) ≈ eβ(E−μ
eq
νe )χν̄ee− p→n(E ). (B4)
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