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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 v. and 7. 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 U.. 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 neutron
decay becomes the dominating opacity source for low-energy v.. Accurate three-flavor Boltzmann
neutrino transport enables us to relate the magnitude of neutrino fluxes and spectra to details of the
treatment of weak processes. 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.

PACS numbers: 26.30.Jk, 97.60.Bw, 26.50.+x, 26.30.—k

I. INTRODUCTION

mined by the diffusion of neutrinos of all flavors from

In this paper we study the impact of opacities from
weak processes on the emission of neutrinos from newly-
born proto-neutron stars (PNS). 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 re-
sults in the supernova explosion and the subsequent ejec-
tion of the stellar mantle. The revival of the shock via
neutrino heating is considered one of the standard explo-
sion mechanisms [1], besides the magneto-rotational [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). Be-
ing 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 neu-
trinos on a timescale of ~10-30 s, once the supernova
explosion proceeds.

Shortly after the onset of the supernova explosion, the
PNS enters the deleptonization phase, which is deter-
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high densities. These neutrinos decouple from matter at
their spheres of last scattering, outside which they are
free-streaming and become a potentially observable sig-
nal [10-12]. The PNS deleptonization phase has long
been studied [13, 14], with the commonly employed dif-
fusion approximation for neutrino transport within the
hydro-static approach. Only recently it has been ex-
plored in radiation-hydrodynamics simulations that em-
ployed accurate three-flavor Boltzmann neutrino trans-
port [15, 16]. These studies followed the entire evolu-
tion consistently, i.e. starting from stellar core collapse
and through core bounce, supernova explosion and PNS
deleptonization. As the currently operating and future
planned neutrino detectors are capable of detecting thou-
sands 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 there-
fore on the development of models that include the lead-
ing 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
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 10°! erg s !
during the PNS cooling phase are responsible for the pro-
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duction of an outflow of matter known as the neutrino-
driven wind. The latter has long been studied as a possi-
ble site for the nucleosynthesis of heavy elements [24, 25].
The proton-to-nucleon ratio, or equivalently the electron
fraction Y., of the neutrino-driven wind depends sensi-
tively on the spectral difference between 7, and v, [26],
requiring accurate predictions of these spectra. In this
work, we determine how the spectra are affected by weak
magnetism and nucleon recoil corrections. Therefore, we
develop charged-current rate expressions within the rela-
tivistic approach taking into account the full kinematics
and including contributions from weak magnetism [27],
being complementary to Ref. [28]. This allows us to com-
pare quantitatively with the elastic approximation as well
as Ref. [29] which approximates inelastic contributions
and weak magnetism corrections. Furthermore, we in-
clude here the impact of the inverse neutron decay. Up
to now, this opacity channel has never been considered
during the evolution of PNSs. In section 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 cur-
rent neutrino opacity and in particular for neutron de-
cay and its inverse reaction, derived from the full kine-
matics approach including weak magnetism contribu-
tions. In section III we review our supernova model
AGILE-BOLTZTRAN and in section IV we discuss simula-
tions 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 neu-
tron 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 section V. A summary is given in section VI.

II. CHARGED CURRENT PROCESSES AND
INVERSE NEUTRON DECAY OPACITY

Let us consider a generic charged current process

V1+B2—)13+B4 (1)
|

where 1 denotes a neutrino (antineutrino), B a neu-
tron (proton), I3 an electron (positron) and By 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]:

G
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where G = GpV,q for charged-current processes and
G = Gp for neutral-current processes, with Gg the

Fermi coupling constant and V4 the up-down entry of
the Cabibbo-Kobayashi-Maskawa matrix [36]. The lep-
ton weak current is

lu = 1;3’7;1(1 - '75)¢1 (3)
and the hadronic current

: 7 iF: [
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where 1; are the Dirac spinors, and gy = 1.0, g4 = 1.273,
and Fy = 3.706 are the coupling constants for the vector
current, axial vector current, and weak magnetism, re-
spectively. We do not consider the induced pseudoscalar
term as its contribution is negligible to the processes con-
sidered here.

A. Full kinematics

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

E§74 = E274 — U2)4 = ,/|p2,4|2 + (m§74)2, with U274 the

mean-field potential and m3 , the effective mass. Intro-
ducing the four-momenta p§74 = (E34,p2,4), the four-
momentum transfer becomes ¢* = p; — p5. Notice
that in the weak-magnetism term we use ¢* instead of
q as required by conservation of the weak vector cur-
rent [28, 37, 38]. Note also that in the following we will
use natural units A =c = 1.

The opacity or inverse mean-free path for process (1) is given by the following integral expression,
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where the baryon (Bsg, Bs) and the lepton (I3) contributions enter via their corresponding thermal equilibrium Fermi
distributions, f; = (exp{B8(E — u;)} + 1)7!, with the inverse temperature 3 = 1/T. The spin-averaged and squared
matrix element corresponding to the hadronic current (4) is given as follows:

(M) = (IMo?) + (IM)vp £ (M) pa + (IMP)pr (6)

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

(Mol*) = (MP)vv + (MI*)aa £ (IMP)va (7)



with
(MPP)vv = (4G gt [(p1- p3) (s - P3) + (p1 - P3) (ps - ) — mamy (p1 - ps)] (8a)
((M*)an = (4G)* g3 [(pr - p5) (3 - ) + (p1 - P3) (ps - p3) + mamy (pr - ps)] (8b)
(IM*)va=2(4G) gvgal(pr-p5) (ps-pi) — (b1 - P3) (03 P3)] - (8¢)
The remaining terms in Eq. (6) are the contributions due to weak magnetism,
F.
(IMP)vr = (46)gy g2Al(pr - p5) m — (o1 p) m3] (93 0)
+[(p3 - p3) mj — (p3 - p3) m3] (p1 - ¢7)
+[(g" - p3)mi — (¢" - pi) m3] (p1 - ps) ) (9a)
F.
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The ‘+’ (‘=) sign of the VA and FA terms in Egs. (6) and (7) corresponds to the neutrino (anti-neutrino) reac-

tion. Applying the energy-momentum delta function and integrating over all angles, expression (5) can be reduced
algebraically to a 2-dimensional integral as follows (details are given in Appendix A),
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The explicit form of ®, as well as the integration limits Fo+ and Fs+, can be found in Appendix A.

B. Inverse neutron decay

For cold neutron star conditions, neutron decay, n — p + e~ + ., being part of the direct URCA processes, is
suppressed whenever the proton faction Y, < z. with z. = 1/9 if muons are neglected and x. ~ 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 Y,
values, neutron decay may not be ignored as discussed below.

We can generalize the rate expression (10) to describe the 7 -opacity for the inverse neutron decay, . + e~ +p — n
as follows,

d G? Pat Pt d
(Bp,) = ——5 dE. fe dE 1— fn) @9, 11
) = g [ et [ B (- 1) (1)
where ®4¢¢ is obtained from ® for 7, capture on protons with the replacement F3 — —F3 (see Appendices A and B).
[

C. Elastic approximation
2

It is convenient to introduce the elastic approximation,
which has been commonly employed in supernova stud-
ies. This approximation is obtained by considering non-
relativistic nucleons, the dominant V'V and AA terms in
the matrix element neglecting dependence on the lepton
angle, and assuming zero momentum transfer. Under
these assumptions the opacity reduces to [19, 41]:

xo(Er) =~ G? (9% +39%) ps Es (1 — f3(E3))noa , (12)
with
Ng — Ny
1 —exp[B(ps — p2)]

where n; denote the number density of particle species 4
and p; are the free Fermi gas chemical potential, related

T24 = (13)



to the nuclear EOS chemical potentials u; via ¢; = u; —

Within this approximation, inelastic contributions to
the opacity and corrections due to weak magnetism are
commonly taken into account based on the description
provided in Ref. [29], where these effects are approxi-
mated by neutrino energy dependent factors for v, and

Ve,

X(Eue) = RVe (EVe) XO(EUe) )
X(Er,) = Ry (Ep,.) xo(E7,) -

The factors R, (E,,) and Ry, (E;,) are shown in the bot-
tom panels of Fig. 1.

Let us first consider v, absorption on neutrons. At
low neutrino energies such that E. < p., the opacity is
suppressed by final state blocking and behaves as follows,

(14a)
(14b)

XO(EUS) ~ (Eue—f—Am;;p—f—AUnp)Q eB(Eue-l-Am;p-l-AUnp_Me) ,

(15)
with Amfw =m,, —m, and AU, = U, — U,. From ex-
pression (15) it becomes clear that the opacity increases
exponentially with AU, i.e. with increasing symmetry
energy.

For 7., there is no final state blocking for the positron.
The main effect of the mean-field correction AU, is
to suppress the opacity for antineutrino energies Ejy, <
me + Amy,, + AUy, or Ep, <10 MeV for typical condi-
tions around the 7, sphere of last scattering. Including
inelastic contributions to the response function will result
in a non-zero opacity at energies lower than the above
threshold, as illustrated in Fig. 1 comparing the solid
black line (full kinematics) and dash-dotted line (elas-
tic approximation). However, such opacity is strongly
suppressed as also seen in Fig. 1. This behaviour has
been related to the frustrated kinematics due to energy-
momentum conservation restrictions on single-particle in-
teractions in processes similar to (1) (cf. [21]). The
authors of Ref. [21] explored the role of nuclear many-
body correlations at the level of random-phase approx-
imation and reactions with two nucleons in the initial
and final state (e.g. ve +n+n — n+p+ e and
Ue+p+mn—mn+n+eh), and found small corrections.
These charged current processes are generalizations 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 ob-
tained within the elastic approximation:

2
X (Be) = T (6% + 363) B S (B, (16)
with E, = Amfw + AU, — Ep,.

Figure 1 shows that for low neutrino energies the 7,
opacity due to inverse neutron decay and the v, 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).
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FIG. 1. (Color online) Top panel (a): Opacity for charged
current reactions at selected conditions (temperature 7T =
7 MeV, density p = 2 x 10" g ecm™®, electron fraction
Y. = 0.05) corresponding to a mean-filed potential difference
of U, —Up = 8.3 MeV. Shown are the processes (1) and (2) of
Table I for the full kinematics approach including weak mag-
netism 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 inelastic-
ity and weak magnetism of Ref. [29] Egs. (14a) and (14b)
(thick dashed red lines). The inverse neutron decay opacity
for 7. is shown via the green lines in the same setup, full
kinematics Eq. (11) (thick solid line) vs. elastic approxima-
tion Eq. (16) (thin dash dotted line). Bottom panels (b) and
(c): approximate correction factors for inelastic contributions
and weak magnetism (14a) for v, and (14b) for De of Ref. [29]
(red dashed lines), in comparison to the ratios of Egs. (10)
and (12) (solid black lines).

The equations of state commonly used in core-collapse
supernova simulations treat neutrons and protons as non-
interacting quasi-particles that move in a mean-field sin-
gle particle potential, Us 4, that depends on temperature,
density and Y.. 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 AU = U, — Uy is directly related to
the nuclear symmetry energy [44, 45], which has a strong
density dependence. Note that for practical purposes, we



TABLE I. Neutrino reactions considered, including references.

Weak process References
1 e +pE2n+uve [19, 29]
2 et +n=p+ e [19, 29]
3 ne=2pte + e (this work)
4 ve+ (A, Z-1)= (A, Z2)+e” [55]
5 v+ N=V 4+ N [29, 41, 56]
6 v+(A4,2)=v+(4,2) [41, 56]
7 v4et 2y 4ot [41], [57]
8 e tet2v4w [41]
9 N+N=2v+v+N+N [58]
10 Ve+De S Vyyr + Uuyr [59, 60]
11 v+v+(AZ)=(AZ)" [61, 62]

v ={Ve,Ue,Vy/r,Vy-} and N = {n, p}

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 trans-
port [46-48]. The implicit method for solving the hydro-
dynamics equations and the Boltzmann transport equa-
tion on an adaptive Lagrangian mesh has been compared
with other methods, e.g., with the multi-group flux lim-
ited diffusion approximation [49] and the variable Ed-
dington factor technique [50].

Here we employ the nuclear EOS from Ref. [51]. Tt is
based on the relativistic mean-field (RMF) framework for
homogeneous nuclear matter with the RMF parametriza-
tion DD2 [52] henceforth denoted as HS(DD2). More-
over, nuclei are treated within the modified nuclear sta-
tistical equilibrium approach for several 1000 nuclear
species based on tabulated and partly calculated masses.
It is part of the comprehensive multi-purpose EOS cata-
logue COMPOSE [53]. In addition, lepton and photon con-
tributions are added based on the EOS from Ref. [54].

The set of weak reactions considered is listed in Ta-
ble I. For both charged current absorption (reactions
(1) and (2) in Table I) and neutral current scatter-
ing (reaction (5) in Table I) on nucleons, previously we
employed the elastic approximation 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
ve and 7, [20, 21, 63]. In this work we implement the
newly developed charged current rates with the full kine-
matics, expression (10), into the charged current inter-
action module of AGILE-BOLTZTRAN. This extends the
previously employed elastic approach, with the approx-
imate treatment of recoil and weak magnetism correc-

tions of Ref. [29]. In order to accurately capture the low-
and intermediate-energy behavior 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 v, and 7. opacity, weak magnetism cor-
rections increase slightly the opacity for neutrinos and
strongly reduce that of antineutrinos. Both effects have
been commonly included in core-collapse supernova sim-
ulations (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
processes (1) and (2) in Table I (black/red lines), compar-
ing 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), elastic approximation including recoil and weak
magnetism, Eqs. (14a) and (14b) [29] (dashed lines), and
the elastic rates without recoil and weak magnetism cor-
rections, Eq. (12) (dash-dotted lines). The conditions,
T =7MeV, p=2x10"3 gecm™3, and Y, = 0.1, cor-
respond to the neutrinosphere during the deleptoniza-
tion phase, where electron neutrinos have an equilibrium
chemical potential of uj? = 25 MeV and where AU =
8.3 MeV. Note that at these conditions, besides neutrons
(X, = 0.75, pup, — my, = —1.6 MeV, U,, = 35.34 MeV,
m) = 899.3 MeV) and protons (X, = 0.02, u, — m, =
—37.8 MeV, U, = 27.04 MeV, m; = 898.0 MeV), there is
still a non-negligible abundance of light nuclear clusters,
e.g., deuteron (X2 = 0.027) and triton (Xsyz = 0.1), as
well as heavy nuclei (X (4,7) = 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 v.-opacity for reac-
tion (2) in Table T at low neutrino energies discussed in
the previous section. Current supernova models, which
neglect the neutron decay, produce low energy v, by N—
N-bremsstrahlung and down-scattering of high energy
neutrinos by nucleons and electrons. The former pro-
cess is relatively inefficient due to final state blocking by
trapped v.. Figure 1 shows that the neutron decay can
in fact be the dominating production channel for low en-
ergy .. 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 . in the intermediate-energy re-
gion where thermal excitations of the nucleons give rise
to a finite opacity, unlike for the elastic rate which is
identical to zero for Ej < AU, + Amyg,. This is also
the reason for the sudden rise of the elastic-to-inelastic
rate ratio around E, ~ 10 — 15 MeV in Fig. 1 (bottom
panel), below which the comparison between elastic and

inelastic rates breaks down.

IV. PROTONEUTRON STAR
DELEPTONIZATION

In this section results from spherically symmetric su-
pernova simulations are discussed. The simulations are
launched from the 18 Mg pre-collapse progenitor of
Ref. [67]. Tt was evolved consistently through all phases
prior to the supernova explosion onset, and has been
subject to numerous supernova studies with focus on
the stellar core collapse and bounce/post-bounce dynam-
ics [62, 66, 68] as well as simulations of the PNS delep-
tonization [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 arti-
ficially 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 expan-
sion of the bounce shock to increasingly larger radii, with
the launch of the explosion 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 explo-
sion 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 treat-
ments of charged-current weak processes, we show in
Fig. 2 the post bounce evolution of the neutrino luminosi-
ties (top panels) and average energies (bottom panels) for
all flavors. We first compare the elastic approach (grey
lines) and the approximate treatment of inelastic contri-
butions and weak magnetism [29] (red lines), which show
marginal differences in the luminosities of 7, v,, and
v,, as well as their average energies. In particular, em-
ploying the elastic treatment underestimates these quan-
tities. This is because the inclusion of weak magnetism
and recoil suppresses the opacity of the charged-current
interaction of 7, and neutral current interaction of all
flavors [29]. Note that as the effect due to the weak mag-
netism 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 v,
and 7. luminosities and average energies are lower with
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FIG. 2. (Color online) Post bounce evolution of the neutrino
energy luminosities L, and average energies (F,) (sampled in
the co-moving frame of reference at a radius of 1000 km), com-
paring four treatments of the charged current rates: full kine-
matics (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 in-
cluding the neutron decay channel (green lines). Note that
Ly, is not shown here because Ly, and L, are nearly indis-
tinguishable on the scale used.

the full kinematics treatment. This is due to the larger
charged-current opacities (see Fig. 1) at low and interme-
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FIG. 3. (Color online) Evolution of the PNS structure at two
selected post bounce times, in terms of temperature T, density
p, Ye and mean-field potential difference U, — Up, comparing
four treatments of the charged current rates: full kinematics
(black lines), elastic approximation including inelastic cor-
rections and weak magnetism contributions (red lines) [29],
elastic approximation without inelastic corrections and weak
magnetism contributions (grey lines) and full kinematics in-
cluding the neutron decay channel (green lines).

diate energies. Nevertheless, the elastic approach with
the approximate inclusion of weak magnetism and recoil
provides a relatively good overall description of the gross
evolution of the early PNS deleptonization. The main
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FIG. 4. (Color online) Post bounce evolution of the ve and e
number luminosity and deleptonization rate, Nl,e - Nae7 com-
paring four treatments of the charged current rates: full kine-
matics (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 in-
cluding the neutron decay channel (green lines).

aspects, i.e. enhancement of the U 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
deleptonization phase, there are only marginal differences
in the PNS restmass density and temperature structure
at t = 1 s as illustrated in Fig. 3. However, the fully in-
elastic treatment results in a slower net deleptonization
rate, N,, — Np,_, as shown in Fig. 4 (black lines), al-
ready during the very early deleptonization phase on the
order of few 100 ms. Note that prior to the SN explo-
sion onset the central evolution of the PNSs where weak
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FIG. 5. (Color online) Density (p) dependence of the inverse neutrino mean-free path 1/\ for all flavors (z = p/7) 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
Vele (Valz) includes all of the pair processes (8)—(10) in Table I and the green line for the channel Z.p contains the inverse
neutron decay. Vertical lines mark the position of the neutrinosphere of last elastic (top) and inelastic (bottom) reaction.

equilibrium is established is identical for all simulations
independent from the treatment of the charged-current
weak rates. The situation changes shortly after the ex-
plosion 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 Y, at high density
domain of the PNS interior, which is notable already at
about 1 s post bounce (see Fig. 3). This difference in-
creases during the proceeding PNS deleptonization. Note
that the differences in the evolution of N,, and N, for
the different cases behave similarly to those in the en-
ergy luminosities shown in Fig. 2 and discussed in the
previous paragraphs.

In order to further quantify the impact of weak mag-
netism and recoil contributions, we show in Fig. 5 the

density dependence of the inverse mean-free path (see
Ref. [10] for definition) for all neutrino flavors. The
upper panel is for elastic neutral-current scattering on
neutrons and protons, collectively denoted as vN, and
the bottom panel is for inelastic processes, i.e. pair pro-
cesses v includes all of the reactions (8)—(10) in Table I,
neutrino-electron /positron scattering ve*, and charged
current v.n and 7,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
neutrino spheres of last elastic (top panel) and inelastic
(bottom panel) scattering. From Fig. 5 it becomes clear
that the elastic opacities for v, and v,/ are affected only
marginally by the inclusion of weak magnetism and re-
coil; the opacity reduction due to weak magnetism and
recoil is negligible for these neutrino flavors around their
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FIG. 6. (Color online) Same as Fig. 5, but for a post-bounce time of 10 s.

corresponding decoupling spheres. Note that without
weak magnetism and recoil corrections to the # /N scatter-
ing opacity, the location of the e, v, /> and 1, /, spheres
of last elastic scattering would coincide and the spectral
differences between these flavors are only due to inelastic
scattering on electrons/positrons, as well as the charged
current absorption for 7.. Now, with weak magnetism
and recoil corrections, the situation changes for antineu-
trinos. These corrections suppress the elastic v, and ,,/,
scattering opacity, which results in the shift of the neu-
trinospheres 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 compar-
ing the different treatments in Fig. 5, in particular for
opacity channels involving e* and protons, are due to
different Y., which will be further discussed in Sec. V.

This is the first time that the enhancement of the av-
erage energies of 7, and 7,/ due to weak magnetism
and recoil corrections is quantified. It has been pre-
dicted in Ref. [29] and observed in supernova simula-
tions [20, 72, 73].

Let us discuss now the impact due to the inclusion of

the inverse neutron decay as an additional opacity chan-
nel for 7, at low- and intermediate energies. While this
new opacity channel has a negligible impact on the v, and
vy (7,) fluxes and spectra during the early PNS delep-
tonization, the inclusion of the (inverse) neutron decay
does result in a substantial reduction of the average en-
ergy for 7, (see Fig. 2). This result can be mainly traced
to the low-energy enhancement of the charged current
v, absorption opacity, as illustrated by the solid green
lines for the inelastic vep process in the bottom panels of
Figs. 5 and 6. The enhanced 7.p opacity shifts the neu-
trinosphere of last inelastic scattering to lower density,
so v, energetically decouple at lower temperatures with
a lower average energy. However, the lower average v, en-
ergy reduces the elastic opacity (top panels of Figs. 5 and
6), so paradoxically, the neutrinosphere of last elastic 7,
scattering moves to higher density and temperature rel-
ative to cases without neutron decay. Nevertheless, the
neutrinosphere of last elastic 7, scattering is always out-
side that of last inelastic 7, scattering. The above results
also lead to slight reduction of the neutron abundance in
the region of neutrino decoupling.

The enhanced 7, opacity at densities of ~ 10 g cm ™3



due to inverse neutron decay does not affect the PNS
structure as long as charged-current absorption processes
for both v, and 7, are treated with the full kinematics
(see Fig. 3). As mentioned above, the inclusion of the (in-
verse) neutron decay reduces the average v, energy, and
hence the elastic neutral-current neutrino-nucleon scat-
tering opacity for 7, (see the upper panels of Figs. 5 and
6). On the other hand, the reduction of the neutrino-
nucleon scattering opacity for v, in the region of decou-
pling is due to the higher Y, and hence lower neutron
abundance. The same holds for the heavy-lepton flavors,
but to a lesser extent due to their decoupling at slightly
higher density. The reduced neutrino-neutron scattering
inverse mean-free path results in the slight enhancement
of the v, and 7, luminosities (see Fig. 2). The impact for
the v, (7,) is negligible because they decouple at some-
what 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, dur-
ing the entire deleptonization phase. This leads to the
subsequent 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 inde-
pendent of the details of the explosion mechanism. Be-
sides the properties of the remnant PNS, the nucleosyn-
thesis 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 v, and 7,
tend to result in more neutron-rich (proton-rich) condi-
tions.

The top panel of Fig. 7 shows the time evolution of
Y. of the neutrino-driven wind, obtained from detailed
nucleosynthesis calculations [11] which will be discussed
further below. The Y, values correspond to the time
when the temperature of the wind ejecta equals about
5 x 10 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 dur-
ing the early phase (grey dash-dotted line in Fig. 7). It
corresponds to the phase with the largest spectral differ-
ences between v, and V., which in turn are due to the
medium effects via modified Q-values (Qo + AU) for the
charged current reactions (1) and (2) in Table I (for de-
tails, c.f. Refs. [20, 21, 74]). They mainly suppress the
De-absorption opacity at low energies which shifts the av-
erage U, energy to higher values. The degree of neutron
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FIG. 7. (Color online) Top panel: Time evolution of Y, in the
neutrino-driven wind (see text for detail), with four different
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 mag-
netism contributions (grey lines) and full kinematics including
the neutron decay channel (green lines). Bottom panel: the
corresponding integrated elemental nucleosynthesis results.

excess depends on the nuclear EOS. Towards later times,
the spectral differences are reduced (see Fig. 2) and ma-
terial turns proton rich.

Now, the inclusion of weak magnetism corrections as
well as nucleon recoil to the elastic rates, i.e. Eqgs. (14a)
and (14b), as in Ref. [29], enhances the spectral differ-
ences between v, and 7. 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 neu-
tron excess actually decreases because the modifications
due to weak magnetism must also be applied to the re-
actions determining Y., which results in the reduction of
the 7, cross section (see Fig. 1). The reaction (2) in Ta-
ble I, more precisely the inverse process, is consequently
less efficient to maintain the moderately low Y. and ma-
terial 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 cur-
rent processes for both 7, and v,, the differences in their
average energies and luminosities increase again (as dis-
cussed 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 additional
source of opacity for 7., the spectral difference between
v, and v, is reduced dramatically (see Fig. 2), turn-
ing material only slightly neutron rich with the lowest
Y. ~ 0.49 during the early deleptonization between 1-2 s
post bounce, while turning to the proton-rich side already
at 3 s post bounce. This demonstrates how sensitive
the nucleosynthesis conditions are to even small spectral
changes from modifications of the neutrino opacity.

We further calculate the corresponding nucleosynthe-
sis yields in the neutrino-driven wind with these four
different treatments of the charged-current weak pro-
cesses using an established nuclear reaction network as in
Ref. [75, 76]. Note that we have used the charged-current
v and 7, capture rates of Ref. [29] in the reaction net-
work to track the Y. evolution inside the wind, for the
three cases other than the elastic approximation without
any weak-magnetism and recoil corrections, as the three
set of rates give consistent results in low density and tem-
perature 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 de-
cay and the lack of any significantly neutron-rich ejecta,
the nucleosynthesis path terminates even before reach-
ing the light neutron-capture elements associated with
atomic numbers of 38 < Z < 42, which had been re-
ported previously based on the elastic treatment of weak
rates due to the inclusion of medium modifications 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 can-
not obtain any vp process [77]. 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 opac-
ity in the charged current absorption channel for 7, 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 super-
nova 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 de-
cay is included in our spherically symmetric core collapse
supernova model AGILE-BOLTZTRAN. In contrast to pre-
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vious 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
processes within the elastic approximation and account-
ing for these contributions following Ref. [29].

These corrections generally reduce the 7, cross sec-
tions which results in a slight increase of the correspond-
ing luminosities 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 as-
sociated with the physics of neutrino emission and heat-
ing/cooling, in other words neutrino decoupling, which
is located in the thick layer of low-density material accu-
mulated 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 evo-
lution of the PNS is determined by the diffusion of neu-
trinos 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 po-
tential as mass accretion vanishes at the PNS surface.
Consequently the neutrino fluxes are no longer deter-
mined by mass accretion but instead by diffusion. Neu-
trinos of all flavors decouple at generally higher density
and temperature. The advantage of our spherically sym-
metric model lies in the inclusion of three-flavor Boltz-
mann neutrino transport. However, the details of the
transition from accretion to diffusion dominated neutrino
emission depend on the multidimensional nature of the
proceeding supernova explosion. The associated delay
may be enhanced when treated in multidimensional sim-
ulations [78-81], despite difficulties reaching late-enough
times beyond 1 s post bounce to capture the transition,
and besides the approximate treatment of neutrino trans-
port in such models. Moreover, it has been discussed
that the supernova phenomena in general shows quanti-
tatively different evolution in the full three-dimensional
degrees of freedom [65, 82].

During the PNS deleptonization phase it has been
shown that 7, become increasingly similar to the heavy-
lepton flavor neutrinos [10]. It can be understood at the
level of an analysis based on the neutrino opacity. The
decoupling of 7. from matter is dominantly determined
by neutral current elastic scattering on neutrons, while
charged current absorption on neutrons dominates the
ve-opacity. Here the (inverse) neutron decay is enabled
in the v.-decoupling region due to the increased medium
modifications at higher densities. The impact on the inte-
grated neutrino observables is non-negligible, resulting in
a substantial reduction of the average v, energies, though



obtained only with the fully inelastic treatment. The im-
pact on the 7, spectra and fluxes is significantly smaller
with the elastic approximation, which we confirmed by
performing additional simulations employing the elastic
rates for the (inverse) neutron decay only. In this pa-
per we have demonstrated the importance of the cor-
rect treatment of inelastic contributions as well as weak
magnetism with the full kinematics approach, in order
to accurately capture the formation and evolution of the
neutrino spectra.

This has important consequences for the nucleosynthe-
sis conditions of the neutrino-driven wind ejected from
the PNS surface during the deleptonization. Generally
large differences are found from the inclusion of inelas-
tic contributions and weak magnetism corrections within
the full kinematics approach, in comparison to the elas-
tic approximation including effectively inelastic contri-
butions and weak magnetism corrections [29]. Previ-
ously reported moderately large neutron 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 kinematics and
inclusion of the inverse neutron decay reduce the neu-
tron excess to a minimum of Y, ~ 0.49 during the early
PNS deleptonization phase. Contributions from nuclear
many-body correlations to both charged and neutral cur-
rent processes [83] may further alter spectral differences
between v, and ve..

The present work demonstrates the importance of the
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consistent 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 spec-
tra. Moreover, this is essential for the prediction of reli-
able neutrino luminosities and spectra for potential ob-
servable signals from the next galactic supernova [11], as
well as the nucleosynthesis conditions. Further progress
will require the inclusion of nuclear many-body correla-
tions as well as muonic weak processes [73].
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Appendix A: expressions for ¢

In this section, we present the expression of ® for v, (7.) capture. The expression without weak magnetism is

obtained by setting F» = 0.

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

<|M|2> = Aot Ma + BiotMp + -+ + Kiot Mg + Lot M,
= (4G)? [Ator (p1 - 13) (p3 - P3)

+ Biot (p1-p3) (p3 - p3) + Crot (1 - P3)
+ Dyot (p1 - 15) (P2 -p3)2 + Eiot (p1-D3)

2
(p1 - p3)
2

+ Fot (p1 - p3)° + Huor (p1 - p5) (p1 - p3)
+ Jiot (p1 - P3) + Ktot (p1 - p3) + Liot] -

Then the opacity can be expressed as

2 Egt Byt
wey =& ! 1/ dEs(l—fs)/ By (1— 1) ®; |

T @R B Jp,

where

p = Xiotlx
X

E,_

(A3)

= Avotla + Biotlp + Crotlc + Diotdp + Erorlg + Fiotdr + Hiolg + Jiordy + Kol + Liotd L
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and

Iy = %/dmdﬂgdmd&Mxé“(pl +p2 —p3 —p1)

= %/dflﬂﬂsdﬂd\/fxﬁ (P1+Pp2—p3—P4)

with p; = |p;|. The coefficients X+ in Eq. (A3) are

(A4)

*

m Am*
Avor = (gv £ ga)” £ 294 F,—2 (1 N )v

my 2msj

*

m Am*
Buov = (9v F 94) F 204 P22 (1- 222

my 2m3
F2
Ciot = —3,
my
F2
Do —3,
my
F2
Eyor = —=—2-[m3 — 2AU (E3 — E1) + AU?]
2my,
mi Am F2 m2 AU?
Fror = gv B2 (2= =20 ) 4 22 [l - Q + 22 — AU(E, + E3) — =~ |
tot = gv 2mN< m§>+2m?\,m2m4 Q+4 (E1 + E3) i
F2
Hiot = 325 [2@ +m2 + AUBE;, — B3 + 2E;;)},
N
Am* 2
Jiot = gy I 2_AUE,+E —2_ 7
tor = gv Fag o [m3 (Er + 3)}+2m?v FF
Kior = (a5 = 6%) mimi +gv P gt { = 3m3 4+ 48U (By — Br) = AU + = [2Q + md + AU (2, — By + B})] |
2
F3
+ 55 Krr,
2m?v
m} Am* m2 . AU? F2
Liow = gv I 2 AUy [mf = AUB; + 5o (= Q = 52 = AUB] + == )| + 5 5 Ler
2 N

(A5)

where the upper (lower) sign in ‘+’ or ‘F’ is for the neutrino (antineutrino) reaction, and

Ef + E} AU
Jrr :AU{ —m3 (E1 + %) +Q(E3 — 3E) + - [Ei(3Fs3 — 5E1) + E3(Fs + E1) + E5 — Ef —2Q)]
AU3
JFAU‘A’(E1 By Ej;) + T} :
m2 m2 m4
Kpp =— (m} + 3mZ)m§T‘O’ + Q% + Qf - ?3
Q m3
+ AU[§(3E1 — B + By + 3E}) + 2 (2B + By + Ey) + mym} (B — El)}
2 1 *2 * * EZ * * * 1 E12
+ AUZ[ 2 (m5? — m3m} = 3Q) + —-(Bs + 2B1 — B3 + E}) + B3 (5B — B) + — ]
AU AU*
+ = (=B + 2B — By = 2B + =,
Lpp = 1 - {m%(m2 +mj})? —4Q* + AU[-m3(E5 4+ Ej + E1) — 2E3(m3”> + mym}) + 2Q(Es — 3E; — E)]

+ 2AU[E}Es + E5(ES — E} — 1) + Q] + AUS[—E} + Ej + El]} ,
(AG)
with AU = Uy — Uy, Am* = mb —mj, and Q = (m5? —mj?)/2.
The integration over angles for Iy in Eq. (A4) can be carried out analytically [84]. The expressions for Ix—a B, ...,
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are then given as follows,

1
In = 5B (pay —pa-) —10(a+) (Pay —pa-) +60ab(pat — pa-)] , (ATa)
1
Iy = =518 Py —pp-) —10(c+d) (P4 — pp-) + 60cd(pos —po-)] (A7b)
. (p¢71+ —pZ,) a+or ;g 5 a’ +4dacy — g, 5 3
IC_[_ ot Wer —Pa) m 5 (Pay P2 (ATc)
+ (a1 — aag) (pay — pa—) — a’ao (o} —p;_l)} :
(Pl —pl) [ etea s 5 e?+deer+é g 3
Ip _{ o T ap (Permp)F 12 (e = p-) (A7)
+ (e*e1 + €€o) (pes — pe—) — €%e0 (ot —p;l)} )
1
Ip = o5 [3 00y —p2-) = 200 (3 = pi-) + 600 (pus — pa-)] (ATe)
1
Iy = o518 (P2 = pe_) + 20e (P2 = pi) + 60€* (pey — pe-)]; (ATf)
Ry +2 2ee; + _ _
In =2 +40p + 2 1261 (P2, —pd )+ % (Pet — pe) —eeo (g —p2)] (A7g)
1
1; = 6 [_ (piJr - pif) + 6a (pa+ —pa,)} ) (A7h)
1 .
L = 5 [(py —p2-) + e (per —pe-)] (ATi)
I, = pay — Pa— (ATj)
with
=2 =2 =2 =2
a=EE;+ L2y — pypp B
=2 =2 =2 =2 =2 =2
c=-—BE+ TP g g RTR_pp, PITRS
) 2 2 . 2 (A8)
a0 = (P —08) (P —18) . on = BrBs— 3 (b} — 03+ 05 — i),
1 1
o= (P —18) (5 —p1) . e = BaB + o (07 + 75— 5 — i)
and

Pa— =max {|p1 — Pal,|P3 — Pa|} , Pa+ = min{p1 + p2,P3 + Pa}
po— =max {|[p1 — pal, P2 — P3|} , pv+ = min{p1 + pa, P2 + P3}, (A9)
pe— =max {[p1 — P3|, P2 — Pal} , petr = min{p1 + P3, P2 + Pa} -
In this study we determine the integration bounds of Fs 3 in Eq. (A2) numerically to ensure all regions are kinematically
allowed. Another way is to set
Ey_ =max{m5+ Uy ,ms+mj;+Us— Er}, (A10)
Es_ =ms, Esy =FE1+FEy,—m)—U,, (A11)

from Ey 4 > m§14 + Uz 4 and E5 > ms3, and set the integrand to zero if po— > pas, Po— > Dbt OF pe— > Pet. 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 non-relativistic 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:

G* oy [T Ee
X(Ep,) = 2 (9% +392) /m dE, Fo

Ep.+pe
f(Ee)/| dqq Spn(Ee + EﬂeaQ) 9

(B1)
Ey, 7?6‘

where Spn(qo, ¢) is the structure function that characterizes the isospin response of the nuclear medium to an energy
transfer ¢y and a momentum transfer ¢ [19]. It is interesting to compare this expression with the neutrino emissivity

for the reaction e™ +p = n+ v, ,

) G* ., oy [ E.
](Eve) = An2 (QV =+ 39A) / dEeE—Ve

Me

Eue +Ppe
f(Ee) /I dqq Spn(Ee — E,, . q) .

(B2)

Eue —Pe ‘

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, go ~ Am,,, + AU,,. Using the detailed balance relation

X(B,,) = P Fre=t) §(E, ), with ped = —pgd = pe — (pn — 1p), we obtain for the opacity of ve +n —p+e™

2

G” 2 1 302) BB [ qp, Ee P
X(Ev,) == (gv + 39A) erire e dEeE f(E) ‘ dqq Spn(Ee — By, , q).

472

Me

(B3)

Ve Eue _pel

For low (anti)neutrino energies the following approximate relation between the opacity for v, absorption and neutron

decay is valid,

Xvonspe— (B) = PE-1D vy 0 (E) .

(B4)

1] H. A,  Bethe and R.  Wilson, James,
Astrophys.J. 295, 14 (1985).

2] J. M. LeBlanc and J. R. Wilson,
Astrophys.J. 161, 541 (1970).

[3] A. Burrows, E. Livne, L. Dessart, C. Ott,
and J. Murphy, Astrophys.J. 640, 878 (2006),
arXiv:astro-ph/0510687 [astro-ph].

4] 1. Sagert, T. Fischer, M. Hempel,
G. Pagliara, J. Schaffner-Bielich,
et al., Phys.Rev.Lett. 102, 081101 (2009),

arXiv:0809.4225 [astro-ph].

[6] T. Fischer, I. Sagert, G. Pagliara, M. Hempel,
J. Schaffner-Bielich, T. Rauscher, F.-K. Thiele-
mann, R. Képpeli, G. Martinez-Pinedo, and
M. Liebendorfer, Astrophys. J. Suppl. 194, 39 (2011),
arXiv:1011.3409 [astro-ph.HE].

[6] T. Fischer, N.-U. F. Bastian, M.-R. Wu, P. Bak-
lanov, E. Sorokina, S. Blinnikov, S. Typel, T. Kldhn,
and D. B. Blaschke, Nature Astronomy 2, 0583 (2018),
arXiv:1712.08788 [astro-ph.HE].

[7] H-T. Janka, K. Langanke, A. Marek, G. Martinez-
Pinedo, and B. Miiller, Phys. Rep. 442, 38 (2007),
arXiv:astro-ph/0612072.

[8] H.-T. Janka, Ann. Rev. of Nucl. Part. Sci. 62, 407 (2012).

[9] H.-T. Janka, T. Melson, and A. Summa, ArXiv e-prints
(2016), arXiv:1602.05576 [astro-ph.SR].

[10] T. Fischer, G. Martinez-Pinedo, M. Hempel,
M. Liebendorfer, Phys. Rev. D 85, 083003 (2012).

[11] M.-R. Wu, Y.-Z. Qian, G. Martinez-Pinedo, T. Fis-
cher, and L. Huther, Phys. Rev. D 91, 065016 (2015),
arXiv:1412.8587 [astro-ph.HE].

and

[12] T.  Fischer, S.  Chakraborty, M.  Gian-
notti, A. Mirizzi, A. Payez, and A. Ring-
wald, Phys. Rev. D 94, 085012 (2016),
arXiv:1605.08780 [astro-ph.HE].

[13] J. Poms, S. Reddy, M. Prakash, J. Lattimer,
and J. Miralles, Astrophys.J. 513, 780 (1999),

arXiv:astro-ph/9807040 [astro-ph].

[14] D. Page, M. Prakash, J. M. Lattimer, and
A. W. Steiner, Physical Review Letters 85, 2048 (2000),
hep-ph/0005094.

[15] T. Fischer, S. Whitehouse, A. Mez-

zacappa, F.-K. Thielemann, and

M. Liebendorfer, Astron.Astrophys. 517, A80 (2010),

arXiv:0908.1871 [astro-ph.HE].

[16] L. Hiidepohl, B. Miiller, H.-T. Janka, A. Marek, and
G. G. Raffelt, Phys. Rev. Lett. 104, 251101 (2010).
[17] B. Dasgupta, A. Mirizzi, 1. Tamborra, and

R. Tomas, Phys. Rev. D 81, 093008 (2010),
arXiv:1002.2943 [hep-ph].

[18] P. D. Serpico, S.  Chakraborty, T. Fis-
cher, L.  Hiidepohl, H.-T.  Janka, and


http://dx.doi.org/10.1086/163343
http://dx.doi.org/10.1086/150558
http://dx.doi.org/10.1086/500174
http://arxiv.org/abs/astro-ph/0510687
http://dx.doi.org/10.1103/PhysRevLett.102.081101
http://arxiv.org/abs/0809.4225
http://dx.doi.org/10.1088/0067-0049/194/2/39
http://arxiv.org/abs/1011.3409
http://dx.doi.org/ 10.1038/s41550-018-0583-0
http://arxiv.org/abs/1712.08788
http://dx.doi.org/10.1016/j.physrep.2007.02.002
http://arxiv.org/abs/arXiv:astro-ph/0612072
http://dx.doi.org/10.1146/annurev-nucl-102711-094901
http://arxiv.org/abs/1602.05576
http://dx.doi.org/ 10.1103/PhysRevD.85.083003
http://dx.doi.org/10.1103/PhysRevD.91.065016
http://arxiv.org/abs/1412.8587
http://dx.doi.org/10.1103/PhysRevD.94.085012
http://arxiv.org/abs/1605.08780
http://dx.doi.org/ 10.1086/306889
http://arxiv.org/abs/astro-ph/9807040
http://dx.doi.org/10.1103/PhysRevLett.85.2048
http://arxiv.org/abs/hep-ph/0005094
http://dx.doi.org/10.1051/0004-6361/200913106
http://arxiv.org/abs/0908.1871
http://dx.doi.org/10.1103/PhysRevLett.104.251101
http://dx.doi.org/10.1103/PhysRevD.81.093008
http://arxiv.org/abs/1002.2943

A. Mirizzi, Phys. Rev. D 85, 085031 (2012),
arXiv:1111.4483 [astro-ph.SR].
[19] S. Reddy, M. Prakash, and J. M. Lattimer,

Phys. Rev. D 58, 013009 (1998).
[20] G. Martinez-Pinedo, T. Fischer, A. Lohs, and L. Huther,
Phys. Rev. Lett. 109, 251104 (2012).
[21] L. F. Roberts, S. Reddy,
Phys. Rev. C 86, 065803 (2012).

and G. Shen,

[22] S. Typel, Phys. Rev. C 89, 064321 (2014),
arXiv:1403.2851 [nucl-th].

[23] L. F. Roberts, G.  Shen, V. Cirigliano,
J. A. Pons, S. Reddy, and S. E. Woosley,

Phys. Rev. Lett. 108, 061103 (2012).

[24] S. Woosley, J. Wilson, G. Mathews, R. Hoffman, and
B. Meyer, Astrophys.J. 433, 229 (1994).

[25] K. Takahashi, J. Witti, and H.-T. Janka, As-
tron.Astrophys. 286, 857 (1994).

[26] Y. Qian and S. Woosley, Astrophys.J. 471, 331 (1996),
arXiv:astro-ph /9611094 [astro-ph].

[27] G. Guo, G. Martinez-Pinedo, and A. Lohs, in prepara-
tion.

[28] L. F. Roberts and S.
Phys. Rev. C 95, 045807 (2017).

[20] C. Horowitz, Phys. Rev. D 65, 043001 (2002).

[30] G. Martinez-Pinedo, T. Fischer, and L. Huther,
J. Phys. G Nucl. Part. Phys. 41, 044008 (2014).

[31] S. L. Glashow, Nucl. Phys. 22, 579 (1961).

[32] S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).

[33] A. Salam, in FElementary Particle Physics: Relativis-
tic Groups and Analyticity, Nobel Symposium No. 8§,
edited by N. Svartholm (Almgvist and Wiksell, Stock-
holm, 1968) p. 367.

[34] T. W. Donnelly and R. P.
Phys. Repts. 50, 1 (1979).

[35] J. D. Walecka, in Muon Physics, Vol. I, edited by V. W.
Hughes and C. S. Wu (Academic Press, New York, 1975)
Section V.4, pp. 113-218.

Reddy,

Peccei,

[36) M. Tanabashi et al. (Particle Data Group),
Phys. Rev. D 98, 030001 (2018).
[37] L. B. Leinson and A. Pérez,

Phys. Lett. B 518, 15 (2001).

[38] L. B. Leinson, Nucl. Phys. A 707, 543 (2002).

[39] J. M. Lattimer, C. J. Pethick, M. Prakash, and
P. Haensel, Phys. Rev. Lett. 66, 2701 (1991).

[40] D. Yakovlev and C.
Annu. Rev. Astron. Astrophys. 42, 169 (2004).

[41] S. W. Bruenn, Astrophys.J.Suppl. 58, 771 (1985).

[42] B. L. Friman and 0. V. Maxwell,
Astrophys. J. 232, 541 (1979).

[43] D. Yakovlev, A. D. Kaminker, O. Y. Gnedin, and
P. Haensel, Phys. Rep. 354, 1 (2001).

[44] T. Fischer, M. Hempel, I. Sagert,
Y. Suwa, and J. Schaffner-Bielich,
European Physical Journal A 50, 46 (2014).

[45] M. Hempel, Phys. Rev. C 91, 055807 (2015),
arXiv:1410.6337 [nucl-th].

[46] M. Liebendorfer, A. Mezzacappa, and F.-K. Thielemann,
Phys.Rev. D63, 104003 (2001).

Pethick,

[47] M. Liebendorfer, A. Mezzacappa, F.-
K. Thielemann, 0. B. Messer, W. R.
Hix, et al., Phys.Rev. D63, 103004 (2001),

arXiv:astro-ph/0006418 [astro-ph].
[48] M. Liebendoerfer, S. Rosswog, and F.-K.
Thielemann, Astrophys.J.Suppl. 141, 229 (2002),

16

arXiv:astro-ph/0106539 [astro-ph].

[49] M. Liebendorfer, O. Messer, A. Mezzacappa, S. Bruenn,
C. Cardall, et al., Astrophys.J.Suppl. 150, 263 (2004),
arXiv:astro-ph /0207036 [astro-ph].

[50] M. Liebendoerfer, M. Rampp, H.-T. Janka, and

A. Mezzacappa, Astrophys.J. 620, 840 (2005),
arXiv:astro-ph/0310662 [astro-ph].

[61] M. Hempel and J. Schaffner-
Bielich, Nucl.Phys. A837, 210 (2010),
arXiv:0911.4073 [nucl-th].

[52] S. Typel, Phys. Rev. C 71, 064301 (2005),
arXiv:nucl-th/0501056.

[63] S. Typel, M. Oertel, and T. Klaehn, (2013),

arXiv:1307.5715 [astro-ph.SR].
[64] F. X. Timmes and D. Arnett, Astrophys.J.Suppl. 125,

277 (1999).

[65] A. Juodagalvis, K. Langanke, W. R. Hix,
G.  Martinez-Pinedo, and J. M. Sam-
paio, Nuclear Physics A 848, 454 (2010),
arXiv:0909.0179 [nucl-th].

[56] A. Mezzacappa and S. Bruenn,

Astrophys.J. 405, 637 (1993).
[67] A. Mezzacappa and S. Bruenn, Astrophys.J. 410, 740

(1993).
[58] S. Hannestad and G. Raf-
felt, Astrophys.J. 507, 339 (1998),

arXiv:astro-ph/9711132 [astro-ph].

[59] R. Buras, H.-T. Janka, M. T. Keil, G. G. Raf-
felt, and M. Rampp, Astrophys.J. 587, 320 (2003),
arXiv:astro-ph/0205006 [astro-ph].

[60] T. Fischer, S. C. Whitehouse, A. Mezza-
cappa, F.-K. Thielemann, and M. Liebendorfer,
Astron. Astrophys. 499, 1 (2009), arXiv:0809.5129.

[61] G. M. Fuller and B. S. Meyer,
Astrophys. J. 376, 701 (1991).

[62] T. Fischer, K. Langanke, and G. Martinez-Pinedo,
Phys. Rev. C 88, 065804 (2013).

[63] C. J. Horowitz, G. Shen, E. O’Connor, and C. D. Ott,
Phys. Rev. C 86, 065806 (2012).

[64] R. Buras, M. Rampp, H.-T. Janka, and K. Ki-

fonidis, Astron.Astrophys. 447, 1049 (2006),
arXiv:astro-ph/0507135 [astro-ph].

[65] T. Melson, H.-T. Janka, and
A. Marek, Astrophys. J. 801, L24 (2015),

arXiv:1501.01961 [astro-ph.SR].

[66] T. Fischer, N.-U. Bastian, D. Blaschke, M. Cier-
niak, M. Hempel, T. Kldhn, G. Martinez-
Pinedo, W. G. Newton, G. Ropke, and
S.  Typel, Publ. Astron. Soc. Austr. 34, e067 (2017),
arXiv:1711.07411 [astro-ph.HE].

[67] S. Woosley, A. Heger,
Rev.Mod.Phys. 74, 1015 (2002).

[68] T. Fischer, European Physical Journal A 52, 54 (2016),
arXiv:1604.01629 [astro-ph.HE].

[69] T. Fischer, Astron. Astrophys. 593, A103 (2016),
arXiv:1608.05004 [astro-ph.HE].

and T. Weaver,

[70] M. Ugliano, H.-T. Janka, A. Marek, and
A. Arcones, Astrophys. J. 757, 69 (2012),
arXiv:1205.3657 [astro-ph.SR].

[71] A. Perego, M. Hempel, C. Frohlich, K. Ebinger,
M. Eichler, J. Casanova, M. Liebendorfer, and
F.-K. Thielemann, Astrophys. J. 806, 275 (2015),
arXiv:1501.02845 [astro-ph.SR].

[72] A. Mirizzi, 1. Tamborra, H.-T. Janka,


http://dx.doi.org/10.1103/PhysRevD.85.085031
http://arxiv.org/abs/1111.4483
http://dx.doi.org/10.1103/PhysRevD.58.013009
http://dx.doi.org/ 10.1103/PhysRevLett.109.251104
http://dx.doi.org/10.1103/PhysRevC.86.065803
http://dx.doi.org/10.1103/PhysRevC.89.064321
http://arxiv.org/abs/1403.2851
http://dx.doi.org/ 10.1103/PhysRevLett.108.061103
http://dx.doi.org/ 10.1086/174638
http://dx.doi.org/10.1086/177973
http://arxiv.org/abs/astro-ph/9611094
http://dx.doi.org/10.1103/PhysRevC.95.045807
http://dx.doi.org/10.1103/PhysRevD.65.043001
http://dx.doi.org/10.1088/0954-3899/41/4/044008
http://dx.doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/10.1103/PhysRevLett.19.1264
http://dx.doi.org/10.1016/0370-1573(79)90010-3
http://dx.doi.org/10.1103/PhysRevD.98.030001
http://dx.doi.org/10.1016/S0370-2693(01)01042-5
http://dx.doi.org/10.1016/S0375-9474(02)00991-0
http://dx.doi.org/10.1103/PhysRevLett.66.2701
http://dx.doi.org/10.1146/annurev.astro.42.053102.134013
http://dx.doi.org/10.1086/191056
http://dx.doi.org/10.1086/157313
http://dx.doi.org/10.1016/S0370-1573(00)00131-9
http://dx.doi.org/ 10.1140/epja/i2014-14046-5
http://dx.doi.org/10.1103/PhysRevC.91.055807
http://arxiv.org/abs/1410.6337
http://dx.doi.org/10.1103/PhysRevD.63.104003
http://dx.doi.org/10.1103/PhysRevD.63.103004
http://arxiv.org/abs/astro-ph/0006418
http://dx.doi.org/10.1086/339872
http://arxiv.org/abs/astro-ph/0106539
http://dx.doi.org/10.1086/380191
http://arxiv.org/abs/astro-ph/0207036
http://dx.doi.org/10.1086/427203
http://arxiv.org/abs/astro-ph/0310662
http://dx.doi.org/10.1016/j.nuclphysa.2010.02.010
http://arxiv.org/abs/0911.4073
http://dx.doi.org/10.1103/PhysRevC.71.064301
http://arxiv.org/abs/arXiv:nucl-th/0501056
http://arxiv.org/abs/1307.5715
http://dx.doi.org/10.1016/j.nuclphysa.2010.09.012
http://arxiv.org/abs/0909.0179
http://dx.doi.org/10.1086/172394
http://dx.doi.org/10.1086/306303
http://arxiv.org/abs/astro-ph/9711132
http://dx.doi.org/ 10.1086/368015
http://arxiv.org/abs/astro-ph/0205006
http://dx.doi.org/10.1051/0004-6361/200811055
http://arxiv.org/abs/0809.5129
http://dx.doi.org/10.1086/170317
http://dx.doi.org/10.1103/PhysRevC.88.065804
http://dx.doi.org/10.1103/PhysRevC.86.065806
http://dx.doi.org/10.1051/0004-6361:20053783
http://arxiv.org/abs/astro-ph/0507135
http://dx.doi.org/10.1088/2041-8205/801/2/L24
http://arxiv.org/abs/1501.01961
http://dx.doi.org/10.1017/pasa.2017.63
http://arxiv.org/abs/1711.07411
http://dx.doi.org/10.1103/RevModPhys.74.1015
http://dx.doi.org/10.1140/epja/i2016-16054-9
http://arxiv.org/abs/1604.01629
http://dx.doi.org/10.1051/0004-6361/201628991
http://arxiv.org/abs/1608.05004
http://dx.doi.org/10.1088/0004-637X/757/1/69
http://arxiv.org/abs/1205.3657
http://dx.doi.org/10.1088/0004-637X/806/2/275
http://arxiv.org/abs/1501.02845

N. Saviano, K. Scholberg, R. Bol-
lig, L.  Hidepohl, and S.  Chakraborty,
Nuovo Cimento Rivista Serie 39, 1 (2016),
arXiv:1508.00785 [astro-ph.HE].

[73] R. Bollig, H.-T. Janka, A. Lohs, G. Martinez-
Pinedo, C. J. Horowitz, and T. Melson,
Physical Review Letters 119, 242702 (2017),
arXiv:1706.04630 [astro-ph.HE].

[74] C. J. Horowitz, G. Shen, E. O’Connor, and
C. D. Ott, Phys. Rev. C 86, 065806 (2012),
arXiv:1209.3173 [astro-ph.HE].

[75] M.-R. Wu, J. Barnes, G. Martinez-Pinedo,  and
B. D. Metzger, Phys. Rev. Lett. 122, 062701 (2019),
arXiv:1808.10459 [astro-ph.HE].

[76] Z. Xiong, M.-R. Wu, and Y .-
7. Qian, Astrophys. J. 880, 81 (2019),
arXiv:1904.09371 [astro-ph.HE].

[77] C. Frohlich, G. Martinez-Pinedo, M. Lieben-
dorfer, F.-K. Thielemann, E. Bravo,
et al., Phys.Rev.Lett. 96, 142502 (2006),

17

arXiv:astro-ph/0511376 [astro-ph].

[78] S. W. Bruenn et al., Astrophys. J. 818, 123 (2016),
arXiv:1409.5779 [astro-ph.SR].

[79] B. Miiller, H.-T. Janka,
Astrophys. J. 756, 84 (2012).

[80] B. Mueller and H.-T. Janka, ArXiv e-prints
arXiv:1402.3415 [astro-ph.SR].

[81] Y. Suwa, T. Takiwaki, K. Kotake,
T. Fischer, M. Liebendorfer, and
K. Sato, Astrophys. J. 764, 99 (2013),
arXiv:1206.6101 [astro-ph.HE].

[82] E. J. Lentz, S. W. Bruenn, W. R. Hix, A. Mez-

and A. Marek,

(2014),

zacappa, O. E. B. Messer, E. Endeve, J. M.
Blondin, J. A. Harris, P. Marronetti, and
K. N.  Yakunin, Astrophys. J. 807, L31 (2015),

arXiv:1505.05110 [astro-ph.SR].

[83] C. J. Horowitz, O. L. Caballero, Z. Lin, E. O’Connor,
and A. Schwenk, Phys. Rev. C 95, 025801 (2017).

[84] A. Lohs, Ph.D. thesis, Technische Universitat Darmstadt
(2015).


http://dx.doi.org/ 10.1393/ncr/i2016-10120-8
http://arxiv.org/abs/1508.00785
http://dx.doi.org/ 10.1103/PhysRevLett.119.242702
http://arxiv.org/abs/1706.04630
http://dx.doi.org/10.1103/PhysRevC.86.065806
http://arxiv.org/abs/1209.3173
http://dx.doi.org/ 10.1103/PhysRevLett.122.062701
http://arxiv.org/abs/1808.10459
http://dx.doi.org/10.3847/1538-4357/ab2870
http://arxiv.org/abs/1904.09371
http://dx.doi.org/10.1103/PhysRevLett.96.142502
http://arxiv.org/abs/astro-ph/0511376
http://dx.doi.org/10.3847/0004-637X/818/2/123
http://arxiv.org/abs/1409.5779
http://dx.doi.org/10.1088/0004-637X/756/1/84
http://arxiv.org/abs/1402.3415
http://dx.doi.org/ 10.1088/0004-637X/764/1/99
http://arxiv.org/abs/1206.6101
http://dx.doi.org/ 10.1088/2041-8205/807/2/L31
http://arxiv.org/abs/1505.05110
http://dx.doi.org/10.1103/PhysRevC.95.025801

