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The present article investigates the impact of muons on core-collapse supernovae, with particular focus
on the early muon neutrino emission. While the presence of muons is well understood in the context of
neutron stars, until the recent study by Bollig ez al. [Phys. Rev. Lett. 119, 242702 (2017) the role of muons
in core-collapse supernovae had been neglected—electrons and neutrinos were the only leptons considered.
In their study, Bollig et al. disentangled the muon and tau neutrinos and antineutrinos and included a variety
of muonic weak reactions, all of which the present paper follows closely. Only then does it becomes
possible to quantify the appearance of muons shortly before stellar core bounce and how the postbounce

prompt neutrino emission is modified.
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I. INTRODUCTION

A core-collapse supernova (SN) determines the final fate
of all stars more massive than about 8 M. The associated
stellar core collapse is triggered due to deleptonization by
nuclear electron capture in the core and the subsequent
escape of the electron neutrinos produced, lowering the
degenerate electron density responsible for supporting the
core against gravity, and to the photo-disintegration of
heavy nuclei in the core, sapping thermal, pressure-pro-
ducing energy as well. The collapse halts when the central
density exceeds normal nuclear density. The repulsive
short-range nuclear force reverses the collapse, and the
stellar core rebounds. An expanding shock wave forms,
which stalls when crossing the neutrinospheres, the surfa-
ces of last scattering for the neutrinos produced and trapped
during core collapse. A large number of electron captures
on the newly liberated protons from the dissociation of
nuclei by the shock releases the deleptonization burst after
the shock passes the neutrinospheres. This happens on a
timescale of about 5-20 ms after core bounce [1,2]. The
central compact object comprising a cold, unshocked core
and a hot, shocked mantle is the protoneutron star (PNS).
The so-called SN problem poses the question: How is the
stalled bounce shock revived? Several scenarios have been
proposed: the neutrino heating [3], magneto-rotational [4],
and acoustic [5] mechanisms, as well as a mechanism
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associated with a high-density phase transition in the core
[6-8]. Studies of the multiphysics, multiscale core-collapse
SN phenomenology require large-scale computer models,
which are based on neutrino radiation-hydrodynamics. For
a recent review about the various scales and conditions of
relevance, as well as the SN equation of state (EOS), cf.,
Ref. [9,10].

During a core-collapse SN, the neutrinos propagate
through regions that are diffusive, semitransparent, and
transparent (where the neutrinos simply stream freely).
Thus, the neutrinos are not fluidlike everywhere, and a full
Boltzmann kinetic treatment of neutrino transport is ulti-
mately necessary. This has been achieved in the context of
general relativistic models in spherical symmetry [11,12]
and in axisymmetry [13], as well as nonrelativistic and
relativistic axisymmetric models with Newtonian gravity
[14,15]. While pioneering and already advancing with
respect to treating separately v,,, and 7,/,, all of these
studies suffer from a draw back: They assume equal
distributions of y and 7 neutrinos and antineutrinos.

This simplification can only be justified in the absence of
muons. However, it is well known for cold neutron stars,
where, due to the condition of f equilibrium, muons and
electrons have equal chemical potentials (1, = p,). Hence,
when p, > m, ~ 106 MeV, the muon fraction can be as
large as ¥, ~0.02-0.05 (depending on the nuclear EOS)
above a rest-mass density of about half the saturation
density (2.5 x 10'* g cm™3). The presence of muons has
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important consequences for the long-term cooling of
neutron stars; e.g., it modifies the direct-Urca threshold
[16]. Muons have to be produced at some point during the
evolution of the PNS from a hot lepton rich object to the
cold f-equilibrium object discussed above. However, this
aspect has only been recently studied in Ref. [17], including
the possibility of muons decaying to axions [18]. Muons
can be produced in non-negligible abundances during a
core-collapse SN. The present article extends this study to
consider the muonization of SN matter shortly before core
bounce and discusses the impact of the presence of muons
on the neutrino emission up to shortly after core bounce.
Therefore, the Boltzmann neutrino transport scheme is
extended to treat y and 7 neutrinos and antineutrinos
separately, include an extended set of weak processes with
muons in the collision integral on the right-hand side of the
Boltzmann equation, and add the muon abundance as an
additional independent degree of freedom in the radiation-
hydrodynamics scheme.

The present article is organized as follows. In Sec. 11, the
SN model is briefly reviewed, with special emphasis placed
on the updates to the neutrino transport scheme. Section III
discusses our SN simulation results in close proximity of
stellar core bounce, with a focus on the muonization of SN
matter and on the enhanced muon-neutrino luminosity. In
Sec. IV, we consider the possibility for convection to occur
due to the presence of what will now be an additional lepton
number gradient. The manuscript closes with a summary
in Sec. V.

II. CORE-COLLAPSE SUPERNOVA MODEL

The core-collapse SN model employed in this study,
AGILE-BOLTZTRAN, is based on general relativistic
neutrino radiation-hydrodynamics in spherical symmetry
[19-21], in comoving coordinates [22,23] with a Lagrangian
mesh featuring an adaptive mesh refinement method [24].
In the present study, 207 radial mass zones are used. A recent
global-comparison core-collapse SN study in spherical
symmetry, including AGILE-BOLTZTRAN, can be found
in Ref. [25].

A. Equation of state

AGILE-BOLTZTRAN has a flexible EOS module treat-
ing separately the nuclear part [26] and the electron,
positron, photon, Coulomb EQOS; the latter is collectively
denoted as EPEOS [27]. In addition to the temperature, 7,
and rest mass density, p, the EOS depends also on the
nuclear composition with mass fractions X;, atomic mass
A;, and charge Z;. The latter determines the charge fraction
of the baryons, which balances the combined charge
fractions of electrons, Y,, and muons, Y, Here, for high
temperatures where nuclear statistical equilibrium holds—
corresponding to temperatures 7" 2 0.45 MeV—the nuclear
EOS of Ref. [28] is employed. It is based on the modified
nuclear statistical equilibrium approach for several 1000

nuclear species and the density-dependent relativistic
mean-field model DD2 [29] for the unbound nucleons.
At temperatures 7 < 0.45 MeV, we switch to the silicon-
gas EOS for the baryonic part, which represents the silicon-
sulfur layer of the progenitor star.

In the present study, a muon EOS is implemented in
AGILE-BOLTZTRAN. Therefore, the following muon
EOS quantities are tabulated: Particle density n, = Y ,ng,
internal energy density e, pressure P+, and entropy per
particle S5, as a function of the muon chemical potential
ranging y, =0, ...,500 MeV for a large range of temper-
atures from 7 =0, ...,200 MeV. The Fermi integrals are
performed numerically with a 64-point Gauss quadrature.
This ensures thermodynamic consistency. Since muons are
massive leptons, their rest mass cannot be neglected, and
the relativistic dispersion relation must be employed,

E = \/p*+ m}, unlike electrons and positrons, which

are ultrarelativistic (E ~ p). In the SN simulations, where
the muon abundance becomes the degree of freedom for
the muon EOS, in addition to temperature and rest mass
density, a linear interpolation is used to find the corre-
sponding muonic thermodynamic state, u,(T.pY,),
e (T,pY,), Ps(T,pY,), and s,:(T,pY,), respectively.
These quantities, except Hy» are then added to the corre-
sponding quantities for baryons (B) and EPEOS, in order to
obtain the total quantities,

e = ep(T.p.Y,,) + epppos(T. pY . { X1 A1 Z;})
+ e, (T, pY,), (1)

P = PB(T1/0’ Yp) + PEPEOS(T’/OYB’ {Xi’Au’Zi})
+ P (T, pY,), (2)

s = sp(T.p.Y,) + sepeos(T.pY . {X:. A Z;})
+ Sy (T,pY”). (3)

Note that the baryon EOS contributions depend on the
hadronic charge fraction via the charge-neutrality condi-
tion, Y, =Y, + Y,, where electron and muon abundances
are associated with their corresponding net particle den-
sities, such that ¥, =Y,- =Y, and Y, =Y ,- = Y +.

B. Boltzmann neutrino transport

The neutrino transport scheme has to be extended in
order to be able to treat individually the distributions for all
three flavors, {f,, . f,,#, fu.} and their respected antineu-
trinos {f3,, f5,. fs,}- BOLTZTRAN employs an operator-
split method to solve the evolution equations for the
neutrino distribution functions, as described in detail in
Ref. [23] (steps 1.-3. outlined in Sec. 3.5). Each implicitly
finite differencing update of the transport equation includes
the update of the evolution of the temperature and the
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electron and muon fraction due to weak interactions, as
well as corrections due to advection. A Newton-Raphson
scheme is implemented to solve the implicitly finite
differencing nonlinear equations. Beginning with (v,, 7,),
this procedure is repeated for (v,,7,) and (v, ;). As was
outlined already in Ref. [23], this cycling ensures that the
neutrino distribution functions are in accurate equilibrium
with matter after obtaining the solution of the transport
equation and updating temperature and electron fraction
accordingly. However, it introduces a mismatch of the
radial grid of the new hydrodynamics variables due to the
corrections of the advection equation. Note further that for
the weak processes, v, + U, S v, + U,/,, Where initial
and final state neutrino distributions belong to different
species [30], in the collision integral of the Boltzmann
transport equation, we assume equilibrium distributions as
was outlined in Ref. [31]. This approach is inadequate for
the purely leptonic weak processes involving muons, which
will be introduced below, for which also initial and final
state neutrino distributions belong to different species.
Here, we implement the actual neutrino distributions from
the previous cycling, which introduces a slight mismatch
that we monitor carefully with an increased accuracy
required for the neutrino transport convergence.

Note further that BOLTZTRAN employs the transport
equation in conservative form; i.e., with the specific
neutrino distribution function, F,:=f,/p [19,20]. All
neutrino species are discretized in terms of six momentum
angles bins cos 9 € {—1, +1} [32]—the angle between the
radial motion and the momentum vector—and 36 neutrino
energy bins, E, € {0.5,300} MeV following the setup of
S. Bruenn [33]. Appendix A compares two SN simulations,
both without muonic weak reactions, comparing the tradi-
tional Boltzmann transport scheme for four neutrino
species (U, Ues Vy/r» Vy/r) and the full six neutrino species
transport (v, Ue, Vys Uy, Uy, U;). While the extension to six-
species Boltzmann neutrino transport is straightforward,
the inclusion of weak interactions and the associated
extensions of the collision-integral involving weak reac-
tions with (anti)ymuons will be discussed in the next
sections. Further details are given in Appendix B.

C. Muonic weak processes

In the following subsections, all new weak reactions
involving (anti)muons, which are being implemented in
AGILE-BOLTZTRAN, will be discussed. Table I lists all
processes considered here. Further details, about the reaction
rates are provided in Appendix B, see also Ref. [34], and
details about their implementation in AGILE-BOLTZTRAN,
are provided in Appendix B of the present paper.

1. Charged-current absorption and emission
For the emissivity [j, (E,,). jz,(Ez,)] and absorptivity
v, (Ey,). x5,(Ep,)] for the muonic charged-current (CC)

TABLE I.  Set of muonic weak processes considered.

Label Weak process Abbreviation
(1a) v, +nsp+u CC
(1b) b, +pSsSntut CC
(2a) v, +ut s pE+, NMS
(2b) Dyt ut S ut+, NMS
(3a) v, te sSu +r, LFE
(3b) U, +et sut+1, LFE
(4a) v, +ut set+u, LFC
(4b) U, +pu Se +r, LFC

reactions (1a) and (1b) in Table I, the fully inelastic and
relativistic rates are employed. These rates were developed
in Ref. [34], Section III A, which is based on the same
treatment as for the electronic CC rates [35]. Reference [36]
consider correlations at the level of the random-phase
approximation but neglect scontributions from weak
magnetism, which we take self-consistently into account.
Furthermore, the rate expressions of Ref. [34] consider
pseudoscalar interaction contributions.

Equations (27)-(33) in Ref. [34], as well as their
Appendix (B), summarize the entire algebraic expressions.
Since the transition amplitudes—the spin averaged and
squared matrix elements—are identical for electronic and
muonic charged-current reactions, the only difference is the
remaining phase space. Hence, the only replacements for
the muonic charged-current rates are the different muon rest
mass and the muon Fermi distribution function with the
corresponding muon chemical potential. These fully inelas-
tic charged-current absorption rates are shown in Fig. 1
(solid lines) for v, (left panel) and U, (right panel) at two

100 L|—full kinematics (Vp)—— (17#),
—-—-elastic
107!
2
£107?
By
X |
107} i
|
l l
4 | / |
107 ¢ I I
L Il I\
50 100 150 200 250 50 100 150 200 250
E,, [MeV] E,, [MeV]
FIG. 1. Neutrino (v,) and antineutrino (&,) opacity for the

muonic charged-current reactions (la) and (1b) in Table I,
comparing the fully inelastic rates {Eq. (33) in Ref. [34]} (solid
lines) and the elastic approximation (B1) (dashed lines), at two
selected conditions referred to as (a) and (b), for which the
corresponding thermodynamic state is given in Table II.
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TABLE II. Thermodynamic state for two selected conditions.
T p Y, Y, He Hy u,-U,
[MeV] [g em™3] [MeV] [MeV] [MeV]
(a) 10 5% 1013 0.2 107* 108.1 51.7 13.9
(b) 25 2 x 10" 0.15 0.05 147.4 132.8 31.5
*U,,, are the neutron and proton single-particle potentials, which are given by the DD2 EOS

n/p

selected conditions, in comparison with the CC rates in the
elastic approximation (see Appendix B I). For the elastic
rates, we include the approximate treatment of inelasticity
and weak magnetism corrections [37] via (7,)v,-energy
dependent multiplicative factors.

For v, and 7, energies below the Q values of m,, — (m,, —
m,)—(U,-U,)and m,+ (m,—m,)+(U,-U,), respec-
tively, there can be no contribution to the opacity within the
elastic treatment (details about the elastic rate expression
are given in Appendix B 1), as illustrated in Fig. 1 (dashed
lines) at two selected conditions (a) and (b), which are listed
in Table II. This strong opacity drop is modified when
taking into account inelastic contributions within the full
kinematics approach, as illustrated in Fig. 1 (solid lines).
Since these muonic CC processes are expected to be
responsible for the muonization of SN matter, from
Fig. 1, it becomes evident this channel requires v, of high
energy in order to produce final state muons in non-
negligible amounts.

2. Neutrino—muon scattering

For neutrino—muon scattering (NMS), reactions (2a) and
(2b) in Table I, the approach for neutrino—electron scatter-
ing (NES) is employed here following the detailed deri-
vation provided in Refs. [21,33,38,39], which is equivalent
to the recent derivation in Ref. [34], Section Il A, and
Appendix A. Mapping the algebraic expressions of NES to
NMS is straightforward due to the similarity of the
transition amplitudes and hence, of the scattering kernels
between NES and NMS. It requires the replacement of
electron rest mass and chemical potential with those of the
muons. However, the vector and axial-vector coupling
constants are different for NES and NSM, which are listed
in Table III. Details about the scattering amplitudes and in

TABLE III. NMS vector and axial-vector coupling constants.
Scattering process Ccy' Cy

v, +pu* —0.5 + 2sin® Gy +0.5
U, +u* —0.5 + 2sin* @y, F0.5
Uy + p* 0.5 + 2sin’ Oy F0.5
D, 4 p* 0.5 + 2 sin? Oy, +0.5
v, +pt —0.5 + 2sin* Oy, +0.5
D+t —0.5 + 2 sin? @y, F0.5

%sin® Oy, ~ 0.23

and out scattering kernels for NMS, Rg}ﬁg , are provided in

Appendix B 2, together with their implementation in the
collision integral of AGILE-BOLTZTRAN.

In Fig. 2, we compare the opacity for neutrino—e
scattering (dashed lines) and neutrino—u* scattering (solid
lines) at two selected conditions (a) and (b), for which the
thermodynamic conditions are listed in Table II. In order to
obtain the neutrino-scattering opacity, the following inte-
gration is performed of the outscattering kernel, R{\s.
over the final-state neutrino phase space,

Y(E) =——— 2nhc /dEE/ c0519’/ d(cos 9)

X RO(E, E,,9,9); (4)

+

i.e., assuming a free-final state neutrino phase space (more
details can be found in Ref. [40]). The scattering kernel
depends on the incoming and the out-going neutrino
energies, E, and E|, as well as the incoming and outgoing
relative angles, 9 and &' (see Appendix B).

Note that neutrino trapping and thermalization of y and =
neutrinos occurs roughly at the conditions between (a) and
(b) of Table II. Hence, neutrino—muon scattering may be an
important source for the thermalization and trapping of
heavy lepton-flavor neutrinos. Furthermore, from the com-
parison in Fig. 2, it becomes evident that at high densities,
muon-neutrino scattering on muons dominates over scat-
tering on electrons. This is mostly attributed to the high
electron degeneracy due to which the final-state electron
phase space is occupied. Note also that, at such conditions
(b), neutrinos are trapped.

Since the opacity shown in Fig. 2 does not reveal insights
into the inelasticity of the processes, in Fig. 3, we show in
addition the angular-averaged outgoing scattering kernels
defined as follows,

1
(2nhc)’ Efﬂ/d(cos&’)/d(cos&)
X R(E,,E,;,9,9), (5)

(R)(E,, Ey) =

as a function of the outgoing neutrino energy, E,/, for three
different incoming neutrino energies, E,, evaluated at the
two conditions (a) and (b) listed in Table II shown in
Figs. 3(a) and 3(b), respectively. Low incoming neutrino
energies (left panels in Fig. 3), both NMs (solid lines) and
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FIG. 2. Neutrino scattering opacity, Eq. (4), for v, (left panels) and 7, (right panels) on muons (solid lines) and on electrons
(dash-dotted lines), in both cases assuming a free final-state neutrino according to expression (4), at two selected conditions referred to

as (a) and (b), which are listed in Table II.

NES (dashed-dotted lines), are dominated by downscatter-
ing, due to the electrons being degenerate, and, since
muons are never degenerate under SN conditions, the high
muon rest mass. With increasing E, (middle and right
panels in Fig. 3), the rest mass contribution becomes less
important, and the differences between NMS and NES are
due to the different degeneracy.

In addition, Fig. 4 shows the dependence of the scatter-
ing kernel on the total scattering angle, cos@ for the
conditions (a) in Table II (left panels) and the conditions
(b) in Table II (right panels), assuming thermal energies for
the initial neutrinos; i.e., £, = E,, = 3.15T and for differ-
ent outgoing neutrino energies E,, Therefore, the top panel

in Fig. 4 assumes outscattering energies, which are equal to

E,, =31 [MeV] E, =55 MeV]  E, =134 [MeV]
— v
e ] i
0 L = L = L
0 50 100 50 100 100 200 300
Ey, [MeV] By, [MeV] By, [MeV]

(a)

the peak of the scattering kernel; i.e., E, = 31 MeV
(NMS) and E,, =24 MeV (NES) for E, = 31 MeV cor-
responding to conditions (a) in Table II (7' = 10 MeV),
from where it becomes evident that NES is mainly forward
peaked at an angle of about 30 degrees, while NMS is more
isotropic. Note that the scale in Figs. 4(a) and 4(b) are
logarithmic. At the conditions illustrated in Fig. 4(c), which
correspond to outscattering energies being equal to the peak
of the scattering kernels plus the half-width [see the left
panel in Fig. 3(a)], both NMS and NES are strongly
forward peaked. This situation is reversed in Fig. 4(e)
where the outscattering energy is equal to the peak of the
scattering kernel minus the half-width, when both NMS
and NES are backscattering dominated with NMS being

E, =31 [MeV]

’ E, =78 [MeV]  E, =134 [MeV]

0.8

02

0
150 200 100 200 300

100 50 100
Ey, [MeV]

Ey, [MeV]
(b)

0

50
By, [MeV]

FIG. 3. Angular averaged outscattering kernel, (R) Eq. (5), normalized to unity, for three different incoming neutrino energies, E,,
comparing NMS (solid lines) and NES (dash-dotted lines) as a function of the outgoing neutrino energy, E,/, for the conditions (a) and

the conditions (b) according to Table II.
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(e) Ey, =31 MeV, NMS: E"fi =18 MeV, NES: E”L =8 MeV

Ry [a.u] Ry,e- [a.u]

90 90
120 60 120 60

150 30 150 30

180 0 180 0
0 02040608 1 0 02040608 1

(b) E,, =78 MeV, NMS: E,, =60 MeV, NES: E,, =51 MeV
H w i

Ry [a-u] Rope

90 90
120 60 120 60

Om
180 0 180 0

0 02040608 1 0 02040608 1
(d) By, =78 MeV, NMS: E,; =100 MeV,
NES: E,; = 100 MeV

[a.u.]

150 30 150

Ry [a.u.] Rue-

90 90
120 60 120 60

[a.u]

150 30 150 30

180 0 180 0
0 02040608 1 0 02040608 1

(f) Eu, =78 MeV, NMS: E"fi = 22 MeV, NES: E"fi =8 MeV

FIG. 4. Angular distribution for 6 in degrees [cos 0 is defined in Eq. (B10)] of the outscattering kernel, R(E,, E,,, cos 0), in arbitrary

units, comparing v, scattering on muons, R, -,
31 MeV for T = 10 MeV (left panels) and E, ”

more isotropic. This situation remains the same at higher
density and E, = 78 MeV (T = 25 MeV) corresponding

to the conditions (b) in Table II, illustrated in Figs. 4(b) 4(d)
and 4(f) [for the scattering kernel, see the middle panel in
Fig. 3(b)].

3. Purely leptonic reactions—(i) lepton
flavor exchange

A new class of weak processes, known as lepton flavor
exchange (LFE) reactions [17], is added to AGILE-
BOLTZTRAN, reactions (3a) and (3b) of Table I. The close
analogy of the scattering amplitudes of NMS and LFE
enables the direct comparison between these two processes,
which simplifies the calculation of the in- and outscattering
kernels, provided in detail in Appendix B 3 a where the
nomenclature of Ref. [21] is followed closely. It is equivalent
to the recent derivation in Ref. [34], Section II A and
Appendix A.

The main difference between NMS and LFE is the
appearance of a new energy scale since initial- and

-, and on electrons, R, .-, for incoming neutrino energies, E,

=3.15T; e, E, =

=78 MeV for T = 25 MeV (right panels), for the conditions (a) of in Table II in 4(a),
4(c), and 4(e), and the conditions (b) of Table Il in 4(b), 4(d), and 4(f), and varying outscattering energies
of the scattering kernel and the half-width (see text for details).

E,, corresponding to the peak

final-state leptons are different; one has to take the rest
mass energy difference between muon and electron into
account. This gives rise to additional terms in the scattering
amplitudes (they are provided in Appendix B 3 a), which
can be large.

Figure 5 compares the set of the LFE processes (3a) and
(3b) in Table I, for each channel individually at the two
selected conditions (a) and (b), corresponding to Table II.
For the calculation of the opacity, the same approach is
implemented here as for neutrino-muon scattering Eq. (4);
i.e., assuming a free final-state neutrino. These rates are in
agreement with those obtained in Ref. [34] with a detailed
comparison of the LFE rates and the muonic CC rates.

4. Purely leptonic reactions—(ii) lepton
[flavor conversion

There is a second class of purely leptonic processes
involving (anti)muons, known as lepton flavor conversion
reactions (LFC) [17], reactions (4a) and (4b) in Table I. The
derivation of the in- and outscattering kernels is given in
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Opacity for the purely leptonic processes, lepton-flavor exchange (solid lines) and lepton-flavor conversion (dashed lines),

assuming a free final state neutrino, at the same two selected conditions labelled (a) and (b) for which the thermodynamic state is listed in

Table II.

Appendix B 3b, again in close analogy to Ref. [34].
Figure 5 compares the rates for the LFC processes, at
the same two selected conditions (a) and (b) of Table II, as
before. This comparison is in agreement with the analysis
of Ref. [34].

All these weak reaction rates involving muons, i.e.,
muonic CC rates and NMS as well as the LFE and LFC
processes, are implemented in AGILE-BOLTZTRAN
within the six-species setup, in order to simulate and study
the impact of the muonization of SN matter. In the
following, these results will be discussed as the reference
case and compared to the simulations where all muonic

weak rates are set to zero. Note that we omit here the
(inverse) muon decay.

III. CORE-COLLAPSE SN SIMULATIONS

The core-collapse SN simulations discussed in the
following are launched from the 18 Mg progenitor from
the stellar evolution series of Ref. [41]. Besides the muonic
weak processes introduced in Sec. I above, the standard set
of nonmuonic weak reactions employed here is given in
Table (1) of Ref. [35]. A comparison of these nonmuonic
weak rates in the minimal setup of S. Bruenn [33] and
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major updates [37,42-45], including the impact in spheri-
cally symmetric and axially symmetric SN simulations, is
provided in Refs. [46,47].

A. Production of muons at core bounce

There could be two mechanisms for the production of
muons. One is driven by electromagnetic pair processes,
such as e™ +e™ — u~ + u™, which are fast but require
high temperatures that are not reached in the simulation.
Furthermore, this process would always result in a zero net
muon abundance. The second mechanism is due to weak
processes starting from the production of muon (anti)
neutrinos that are converted later into muons. The latter
is the dominant channel here. Furthermore, due to the
largely different CC opacity for v, and 7,, a net muonic
abundance can be created. However, the muonic CC
processes can only operate once a large enough fraction
of high-energy v, and 7, are produced, which only occurs
shortly before bounce. The origin of high-energy muon-
(anti)neutrinos are pair processes, mainly electron—positron
annihilation, when the temperature is sufficiently high that
positrons are present in the stellar plasma, and N-N
bremsstrahlung processes. This situation is illustrated in
Fig. 6 (bottom panels) at a few tenths of a millisecond
before core bounce, when the average energies for v, and
v, reach as high as 50-70 MeV, due to temperatures on the
order of about 15 MeV. For the leading weak processes that
give rise to the muonization, the CC reactions (1a) and (1b)
in Table I, the medium modifications of the mean-field
potentials can be as high as U, — U, ~20-30 MeV (see
Fig. 7). This, in turn, enables the net production of muons
when the average energy of the muon neutrinos is sub-
stantially lower than the muon rest mass energy (see,
therefore, expression (B3) in Appendix B 1 corresponding
to the elastic rate approximation). Already at core bounce,
this leads to a non-negligible muon abundance on the order
of ¥, ~ 1073 (blue lines in Fig. 7), in comparison to the
simulation setup without muonic weak processes (red
lines). This, in turn, feeds back to substantially different
neutrino abundances v, and 7, which is not observed for
the simulation without muonic weak processes (see, there-
fore, the bottom panels in Fig. 7), where the origin of
differences between v, and o, originates from different
coupling constants in neutrino-electron scattering. On the
other hand here, the large difference between the abun-
dances of v, and 7, with Y, >Y; indicates the net
muonization; i.e., a substantially higher abundance of u~
then y*. Otherwise, the evolution is in quantitative agree-
ment with the simulation without muonic weak processes,
since such a muon abundance has a negligible impact on
the PNS structure (see Fig. 7).

Note that the spectra of v, and 7, are thermal, roughly
matching the corresponding temperature profile. Con-
sequently, the muon abundance, and the muon chemical

N 1015
110"
110"
1102
110"
—;10”’0‘15
110° ©
: 1108 2
1107

1
-3 ! L 1106
10 ! 3 E[——0.30 ms before bounce| > 10
1
! .
1
20 | | I I I 250

p

110°
410*

1 —He |]
NN — i (]
N\

4200

4150

He s py [MeV]

1
M [Mo)

M [M,)]

FIG. 6. Radial profiles of selected quantities as a function of the
enclosed baryon mass, showing the electron and muon fractions
(Y., Y,), rest mass density (p), temperature and entropy per
baryon (7', s), electron and muon chemical potentials (x,, ft,,), as
well as the average neutrino energies for y and 7 (anti)neutrino
flavors. The conditions correspond to a few tenths of a milli-
second before core bounce. The CC rates employed here are
within the full kinematics treatment.

potential accordingly, follow the same temperature profile
even though their leading production processes (la) and
(1b) in Table I have no purely thermal character, unlike
neutrino-pair production from e —e* annihilation. It is
important to notice that the muonization is a dynamical
process. It is determined by the muonic weak rates and the
thermodynamic conditions obtained in the PNS interior.
Muonic weak equilibrium is not established instantane-
ously: The muon chemical potential is significantly
lower, p, ~40-90 MeV, than that of the electrons, y, ~
100-200 MeV (see Figs. 6 and 7) This situation remains
during the entire postbounce evolution, as illustrated in
Figs. 8(a) and 8(b), for selected times corresponding to
the early postbounce phase. Furthermore, the temperature

123001-8



MUONIZATION OF SUPERNOVA MATTER

PHYS. REV. D 102, 123001 (2020)

1()05“”

Y, (x10)

ML weak reactions
— — no ,ui weak reactions g 1()4

T [MeV], s [kp]

40

(E) MeV]
(E) Mev]

20 120

53107

10

M M|

FIG. 7. The same quantities are shown as in Fig. 6 but at core
bounce, comparing the reference simulation with (blue lines) and
without muonic weak processes (red lines). In addition to the
electron and muon chemical potentials, we show the charged
chemical potential denoted as fi =y, —p, and the mean-field
potential difference AU = U, —U,, as well as the neutrino
abundances Y, for 4 and 7 (anti)neutrinos.

profile is nonmonotonic, which is well known due to the
fact that the bounce shock forms at a radius of about 10 km.
The highest temperature increase as well as the maximum
temperature obtained during the postbounce evolution is
not at the very center of the forming PNS. Hence, the

thermal production of muon (anti)neutrinos from pair
processes results in high average energies corresponding
to the maximum temperatures [see the bottom panel in
Fig. 8(b)], which, in turn, gives rise to a high and
continuously rising muon abundance off center [see the
top panels in Figs. 8(a) and 8(b)] during the later post-
bounce evolution. The presence of a finite abundance of
muons at the PNS center, ranging from Y, ~ 10~* to a few
times 1073, corresponding to densities in excess of few
times 10'? g cm™, results in substantially higher muon-
neutrino abundances than muon antineutrinos also during
the entire postbounce evolution [see the bottom pannels in
Figs. 8(a) and 8(b)], which is not observed in the reference
simulation without muonic charged current processes.
Consequently, also the average energy of v, is substantially
higher than for 7, in that domain due to the presence of a
finite muon chemical potential [see Fig. 8(b)], similarly as
for electrons and electron neutrinos. However, the overall
postbounce evolution, in terms of the gross hydrodynamics
evolution, is not affected by the presence of muons and
associated muonic weak reactions after shock breakout.

It is important to emphasise here the importance of the
inelastic CC rates; i.e., with their full kinematics imple-
mentation. A test simulation, in which we used the elastic
CC rates instead (not shown here for simplicity), gave rise
to a substantially lower muon abundance, by nearly a factor
of 2, in the off-center muon production region associated
with the highest temperatures.

B. Launch of the muon neutrino burst

The continuously rising muon abundance, in turn, enables
the release of a v, burst (blue solid line in the middle panel of
Fig. 9), relative to the simulation without muonic weak
processes (red curve), associated with the shock break out.
Similar to the v, deleptonization burst [solid curve in the top
panel of Fig. 9(a)], when the shock wave crosses the muonic
neutrinosphere, muon captures on protons are enabled,
W=+ p = n+vy,, due to the escape of the muon neutrinos
produced. It results not only in the substantial rise of the
muon-neutrino luminosity, relative to the case without
muonic weak processes, but is also associated with the
continuous rise of the off-central muon abundance. The later
increase by a factor of about 10 during the first 10-30 ms after
core bounce (see Fig. 8). However, the magnitude of the
associated luminosity of the v, burst is lower by a factor of
more than 5 than that of the v, burst [see Fig. 9(a)], due to the
generally lower muon abundance (see Fig. 8), which is
related to the slower CC rates for v, than for v,. The
corresponding integrated CC rates, defined as follows,

. 2rc mg 2.
<.]v> = (hc)37/d<COS'9)dEyEu.]v(Eu)[l —fy(COS19,EU)],

(6)
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FIG. 8. The same quantities as in Fig. 7 for the simulation with muonic weak processes at selected times shortly after the shock
breakout in graph (a) as a function of the enclosed baryon mass, and at about 30 ms postbounce in graph (b) as a function of the radius. In
addition in graph (b), we compare the PNS structure of the simulation with muonic weak reactions (blue lines) and without muonic weak
reaction (red lines).

postbounce and 8(b) at 30 ms postbounce. Note further that
the NLS as well as LFE and LFC rates are omitted in Fig. 10,
(7) which are negligible compared to the CC rates.
Furthermore, the 7, luminosity is also affected by a finite
net muon abundance and associated muonic weak proc-
esses. However, while the Yy experience a sudden rise, as

2rc mpg

O(v>:—

s [ dtcos )k B3 ()1 (cos. E,),

are illustrated in Fig. 10. The conditions in Fig. 10 corre-
sponding to the two situations illustrated in Figs. 8(a) at 5 ms
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FIG. 9. Evolution of the neutrino luminosities and average energies for all species, sampled in the comoving frame of reference at a
distance of about 500 km, comparing the reference simulation with muonic weak processes (blue lines) and without (red lines). Note that

in the latter case, v, = v, and v, =0,.

discussed above, the 7, luminosity is reduced [see the blue
dash-dotted curves in the middle panel of Fig. 9(a)] relative
to the simulation without muonic weak processes [red
dash-dotted curve in the middle panel of Fig. 9(a)]. Here,
for ,, the net charged-current rates are dominated by o,
absorption on neutrons, and hence, the expression (B5) is
overall negative at densities below 10'2 g cm™3, as shown
in the bottom panels of Fig. 10. This gives rise to antimuon
production, in contrast to (B4), which is overall positive,
acting mostly as a muon sink (see Fig. 10).

As aforementioned, the fully inelastic muonic CC rates
result in a substantially higher muon abundance than when
the elastic CC rates are employed. Consequently, the
magnitude of the luminosity of the v, burst is somewhat
higher for the fully inelastic rates. The same holds for the
magnitude of the reduced 7, luminosity. Therefore, it is
important to implement the muonic CC rates in their full-
kinematics treatment.

In the region of v,, losses during the release of the
v, burst, corresponding to densities between p = 10" —
10" g cm™; i.e., in the location of the v, neutrinosphere,
there is a slight feedback on the PNS structure resulting in
slightly lower temperatures [see Fig. 8(b)] compared to the
simulation without muons. These lower temperatures affect
also the electron (anti)neutrino luminosities and average
energies, however, only marginally (see the top panels in
Fig. 9). Moreover, the 7 (anti)neutrino luminosities and
average energies are affected from the slightly higher
compactness achieved due to the additional losses asso-
ciated with the v, burst. Related is the presence of muons
at the highest densities, which results in a slight temper-
ature increase [see Fig. 8(b)]. This implies a softening
of the high-density EOS, since muons are significantly
more massive than electrons, and electrons are effectively
replaced by muons. This feeds back partly to higher
average energies of v, and U, which are produced thermally
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FIG. 10. Averaged neutrino emissivity (j,) (thin black dash-dotted lines) and opacity (r,) (thick dark green dashed lines),
according to expressions (6) and (7) as well as the absolute value of the net rate when positive (red solid lines) and
when negative (thick blue dashed lines), for electron (anti)neutrinos and muon (anti)neutrinos, at two selected post bounce

times.

from pair processes, at the highest densities in the PNS
interior trapping regime [see the bottom panel in Fig. 8(b)].

Note further that after about 50 ms postbounce, the
magnitude of the v, and 7, luminosities will have settled

back to about 3.0-3.5 x 10°% ergs~! that corresponds to
the value without muonic reactions. The later postbounce
evolution with the influence of muons and associated
muonic weak processes has been discussed in Ref. [17],
where the potential role with respect to neutrino heating and
cooling contributions as well as on the revival of the stalled
bounce shock was explored.

IV. ROLE OF CONVECTION

In order to study the potential role of convection induced
due to the presence of negative lepton number gradients, it
has been convenient to estimate the Brunt-Viisild fre-
quency [30,48-52]
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Wpy = Sign{CLeodoux} gpil ‘CLeodoux|’ (8)

with gravitational acceleration, g, rest mass density, p, and
the Ledoux-convection criterion Cj.4ouc- The latter can be
related to derivatives of thermodynamics quantities as

follows,
P\ ds [P\ dv,
Ledo ds ),y dr ory),, dr

The thermodynamic derivatives of the pressure, P, are
evaluated at constant rest mass density, p, and constant
lepton number, Y7, in the case of the entropy derivative,
and constant entropy, s, in the case of the lepton-number
derivative. Then, convective instability is inferred when
wgy > 0. Note that for the thermodynamic derivative,
(OP/0Yy),, finite differencing is employed based on
the tabulated EOS, while the lepton-number gradient,
dYy/dr, is obtained by finite differencing of the SN
simulation data.

According to the standard model, the lepton number is
conserved amonyg its flavor. The situation of lepton-number
violating processes, which belong to the physics beyond
the standard model, are not considered here. In the presence
of more than one conserved and nonzero lepton number,
the electronic and muonic lepton numbers, denoted as YV L,
and Y, L, and in particular when p,, # u,, the total pressure

(2) can be rewritten as the sum of all partial pressures
as follows, P = Py + P+ Py, Consequently, the den-
sity depends explicitly on both lepton numbers, p =
p(P,s,Y LY Lﬂ), which, in turn, following the derivation
of Ref. [52], modifies the Ledoux criterion as follows,

oP ds oP dYLe
Cledoux = a_ —+ |55
S/ pvi,m, dr ory, psts dr

oP dYy
+ £, 10
<8YLﬂ>p,s.ng dr ( )

Since the present article’s concern is the impact of
muons, and associated muonic weak processes, on the
SN dynamics, the focus is on the lepton numbers and the
associated second and third term in Eq. (10), in particular,
since it has been shown that the presence of muons has a
negligible impact on the PNS structure and the entropy
profile. Because of the separation of muonic and electronic
lepton numbers, here the following question shall be
addressed: Can a negative muonic lepton number gradient
drive convection? Here, we consider electonic and muonic
lepton number gradients separately in order to be able to
identify whether the regions where convection is driven by
negative electonic and muonic lepton number gradients
might be spatially separated. Figure 11 shows the lepton
numbers (left panel) and the lepton-number gradient terms

R [km]

R [km]

FIG. 11. Lepton number (left panel) and lepton number
gradient (right panel) for both lepton flavors, muon (solid lines),
and electron (dashed lines), at about 30 ms postbounce [see
Fig. 8(b)].

of wgy (right panel), at 30 ms after core bounce. Note that,
in the case without muons and associated weak reactions
that give rise to a finite muon abundance, the muonic lepton
number is given by ¥, —Y; ~0 (see Figs. 7-8) and,
hence, suppressed by several orders of magnitude, such
that its gradient is effectively zero. In contrast, here one
can identify already shortly after core bounce the presence
of the additional and non-negligible muon lepton number
and associated wgy contributions (solid lines in Fig. 11).
The region with wgy > 0 for Yy, corresponds to the
PNS interior from intermediate to highest densities, on
the order of p = 10!> g cm™ to a few times 10'* g cm™
[see Fig. 8(b)], unlike for Yy , for which wgy > 0 at lower
densities, at the PNS surface. The region with wgy > 0 for
YL€ at large radii, between the SN shock and the PNS
surface, is relevant for the development of convection. This
is essential to the neutrino heating and cooling of matter in
this region. The region with wgy > 0 for ¥ L, indicates the
occurance of convection in the PNS interior. It is interesting
to note that the Ledoux-convection criterion has the same
magnitude for Yy and Y L, (see Fig. 11). This remains true
during the entire postbounce evolution. The magnitude of
the impact remains to be determined in detailed multidi-
mensional studies, preferably in three spatial dimensional
simulations. This might have interesting implications for
the emission of gravitational waves stemming from high
densities [53-58].

V. SUMMARY

In the present article, the extension of AGILE-
BOLTZTRAN to treat six-species neutrino transport was
introduced, overcoming the previous drawback of assum-
ing equal u and 7 (anti)neutrino distributions. This enables
a variety of muonic weak processes. These include muonic
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charged-current emission and absorption reactions involv-
ing the mean-field nucleons, as well as purely leptonic
flavor-changing reactions. All these muonic rates have
significant inelastic contributions. Hence, it is important to
treat the corresponding phase space properly. In addition to
the disentanglement of u- and 7 (anti)neutrinos in the
transport scheme, the presence of muonic weak processes
gives rise to a finite and rising muon abundance. Therefore,
together with its corresponding evolution equation, the
muon abundance was added as an additional independent
variable to the neutrino radiation-hydrodynamics state
vector of AGILE-BOLTZTRAN.

With these updates, stellar core collapse was simula-
ted and studied in detail with a particular focus on the
appearance of muons, muonic weak reactions, and possible
consequences for SN phenomenology. It had been clai-
med previously that muons and their associated weak
reactions may enhance the neutrino heating efficiency in
multidimensional SN simulations under certain circum-
stances during the postbounce evolution [17]. Beginning
with our first focus, muonization of SN matter, we find that
it starts shortly before core bounce in two steps: first, from
the production of high-energy muon (anti)neutrinos from
neutrino-pair processes, and second, from the absorption of
these high-energy muon neutrinos as part of the muonic
charged-current and lepton-flavor changing processes.
Here, we conclude that the importance of the charged-
current reactions exceed the latter by far for the muoniza-
tion. We find that the muon abundance rises by more than
one order of magnitude during the first few 10 milliseconds
postbounce, reaching values of Y, ~ 107 to a few times
103 —in particular, off center associated with the increas-
ing temperature there. With regard to SN phenomenology:
the presence of muons leads to a muon-neutrino burst
shortly after core bounce, which is due to the shock pro-
pagation across the muon neutrinosphere, similar to what
happens with regard to the electron-neutrino burst when
the shock passes the electron neutrinosphere. However, the
muon-neutrino burst has a lower magnitude due to the
significantly lower muon abundance and muonic charged-
current weak rates, relative to the abundances and rates
associated with electrons. With regard to the evolution of
the PNS: it is interesting to note that muons and muon (anti)
neutrinos are not in weak equilibrium instantaneously,
unlike the electrons and positrons with their neutrino
species. That is, the electron chemical potentials by far
exceed the muon chemical potentials at the PNS interior.
Only toward low densities near the neutrinospheres at the
PNS surface, where the abundance of trapped neutrinos
drops to zero, are the electron and muon chemical poten-
tials equal during the postbounce evolution. It remains to
be explored in future studies how the muons approach
equilibrium during the later PNS deleptonization phase,
i.e., after the onset of the SN explosion on a timescale
of several 10 seconds. Furthermore, the presence of an

additional muon lepton-number gradient may impact con-
vection at high densities in the PNS interior. To confirm this
requires multidimensional simulations, which cannot be
investigated here. We find that the presence of a finite and
continuously rising muon abundance in the PNS interior
has a softening impact on the high-density equation of
state. This, in turn, is known to result in smaller PNS and
shock radii during the long-term postbounce supernova
evolution on the order of several hundreds of milliseconds,
confirming the findings of Ref. [17], which has the
potential of enhancing the neutrino heating efficiency
through higher neutrino energies and luminosities. The
latter is also known from multidimensional simulations
comparing stiff and soft hadronic equations of state [59].
Moreover, the finite muon abundance may also give rise to
weak processes involving pions [60], which remains to be
explored in future studies.
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APPENDIX A: AGILE-BOLTZTRAN—EXTENSION
TO SIX-SPECIES BOLTZMANN
NEUTRINO TRANSPORT

Here, a comparison is presented between the reference
run employing the six-species neutrino transport scheme
(blue lines) and the run based on the traditional four-species
(red lines), where besides the inclusion of electron and
muon neutrino flavors, it is assumed that the tau (anti)
neutrino distributions are equal to the muon-(anti)neutrino
distributions. No muonic weak processes are considered
here. All muonic weak rates are set (numerically) to zero.

Figure 12 compares the evolution of the neutrino
luminosities in Fig. 12(a) and the average neutrino energies
in Fig. 12(b) for the two SN simulations, respectively.
Otherwise, both simulations employ an identical set of
input physics, as introduced in Secs. [l A and II B. The
relative change between the two runs in terms of neutrino
losses is on the order of less than a few tenths of one
percent, attributed mostly to a slightly different converged
solution of the radiation-hydrodynamics equations [23]
with the implementation of the muon abundance as addi-
tional independent degree of freedom. Furthermore, the
entire SN hydrodynamics—i.e., shock formation, shock
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FIG. 12. Neutrino luminosities and average energies, sampled in the comoving frame of reference, comparing the reference run
employing the actual three-flavor neutrino transport scheme (blue lines) and mimicking three-flavor (red lines).

evolution, and postbounce mass accretion—shows no
quantitative differences.

APPENDIX B: IMPLEMENTATION OF MUONIC
WEAK PROCESSES

1. Muonic charged-current processes—elastic rates

The CC rates within the full kinematics approach, includ-
ing self-consistent contributions from weak magnetism, are
|

GZ
20,(Ey,) == (g0 +3G3)E [1- <

with Fermi constant, Gg, vector and axial-vector coupling
constants, gy = 1.0 and g4 = 1.27, as well as with
equilibrium Fermi—Dirac distribution functions for the
muons, f”(E#;{y”,T}), neutron and proton number
densities, and the latter free Fermi gas chemical potentials,
n,, and ¢, ,, respectively. The latter are related to
the nuclear EOS chemical potentials, p;, as follows:

m

2
) 1= 1B

provided in Ref. [35] for the electronic CC processes. They
have been reviewed recently for the muonic reactions (1a)
and (1b) of Table I in Ref. [34]. For the comparison with this
full kinematics treatment, it is convenient to provide CC
muonic rates in the elastic approximation; i.e., assuming
a zero-momentum transfer, for which the absorptivity
(vy+n— p+u), is given by the following analytical
expression:

nn—np (B])

; (- exp{PE}

|

Pnjp = Hnp — M, I~ U,,p, with neutron and proton sin-
gle-particle vector-interaction potentials U,,,, and effective
masses m, /p [43,44], both of which are given by the
nuclear EOS. Inelastic contributions and weak-magnetism
corrections are approximately taken into account via
neutrino-energy-dependent multiplicative factors to the
emissivity and opacity [37]. A similar expression as
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(B1) is obtained for 7, by replacing the muon Fermi
distribution with that of antimuons and replacing n <> p
for the neutron and proton number densities and free gas
chemical potentials.

The emissivity and absorptivity are related intimately via
detailed balance,

€q
Euu - :ul/,‘

(B = {2 (6, (B2)

with muon-neutrino equilibrium chemical potential given
by the expression, ! = p, — (4, — p,).
For this limited kinematics, assuming zero-momentum
transfer, one can relate the muon and v, energies as follows,
E;F = E(D},)yﬂ + (mn - mp) + (UVL - Up)v (B3)
with the medium-modified Q value, m, & (m, —m,) &
(U, —U,) [43,44,61]. Note that, as for the electron-flavor
neutrinos, the nuclear medium modifications for the
charged-current rate at the mean-field level modify the
opacity substantially with increasing density [62]. In

particular, at densities in excess of p = 10'3 g cm™3, where
|

oY,
ot

_ 27amg
cc (he)?

/ dE, dE2 d(cos&)aFD” (E; ,19)‘ - / dE, dE2 d(cos&)aF”“ (E, ,19)‘ ,
o ot “ lee e ot “ lee

muons can be expected, the opacity drop can differ
significantly from the vacuum Q value, m, & (m, —m,),
due to the large difference of the single particle potentials
can well be on the order of U, —U, =40-80 MeV,
depending on the nuclear EOS [62,63].

The presence of high-energy v, and ), enables the
production of x*. The collision integrals for v, and p, for
the reactions (la) and (1b) of Table I take the following
form:

1% .l/ (EU)

“(E,.0)| ="t = g (B, (E,.9) (B4
B, )| = g ()R (E,0) (B
(g, 0 <2 e p, (). (8
Cat l/#’ CC_ p XIJ” U,A I/M IJ'u7 4

with effective opacity defined as follows, 7, =y, + Jj,
[19,20]. Expressions (B4) and (B5) are equivalent to those
for the electron (anti)neutrinos with electronic charged-
current emissivity and opacity [40]. The muon abundance,
Y, is then added as an independent variable to the AGILE
state vector, for which the following differential-integral
evolution equation is solved,

(B6)

with baryon mass mpz = 938 MeV. Equation (B6) is similar to the evolution equation for Y, (see Egs. (17)—(25) in
Ref. [20]), where, instead, the electronic charged-current neutrino emissivity and opacity are used (see expressions (6) and

(7a)~(7d) in Ref. [40]).

2. Neutrino-muon scattering

For neutrino—lepton scattering (NLS), v + [* < [I'* 4+ 1/, distinguishing here between neutrinos, v € {v,, Vy» v.}, and
leptons, [£ € {e*, u*, 7%}, the collision integral is given by the following integral expression,

OF,
cot

11 1
- F,/(EU, 19) W;/Ez/dEb/ / d(COS 19/) / d¢R0N{5.y(ED,EDr,COS 0) |:; - Fyr (Eyr,lgl):|

1 11 .
S(EU,19) = [;—FAE,,,&)} ) e / E%dE, / d(cos ) / dpR% s (E,. Ey,cosO)F/(E, . 9)
NL!

with the following definition for the in- and outscattering kernels,

&dp; dpy

R s, (Ey. Ey,cos0) = (2xhe]’ (2ahc)’

d3p1 d3l?1'
(2zhc)? (2zhe)?

IO\ILES,U(Eyv El,’, COS 9) =

2fr(Ep)[1 = f1(E))]

2f1(E)[1 = fr(Ep)]

(B7)
ZS|M|2+[ '+
[ A 02”454py+p_p,_py,’ B8
6EEEE, (27)*6%( 1= D ). (B8)
ZS'ME I+
==l 0n)*6t (p, + pr— pr = py)s (BY)

16E,E,E, E,

with equilibrium Fermi-Dirac distribution functions f;(E;) for initial- and final-state leptons. In addition to the energy

difference between incoming and outgoing neutrinos, £,

— E,, the scattering kernels depend on the total momentum

scattering angle between the incoming and outgoing neutrino, defined as follows,
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cos® = cos 9 cos & — /(1 —cos 9)(1 — cos &) cos ¢, (B10)
with lateral momentum angles (9, 9') and relative azimuthal angle ¢p = ¢ — ¢’ (for illustration, see Fig. (1) in Ref [19]).

Here, for neutrino—muon scattering (NMS), the approach for neutrino—electron scattering (NES) is extended following
the Refs. [21,33,38,39]. As an example, in the following neutrino—muon scattering, v + u < ¢’ + v/, will be considered,
which contains neutral-current Z° boson and charged-current W~ boson interactions, similar to v, — e~ scattering (see

Fig. 1 in Ref. [38]). The matrix element, M, for v, — e~ scattering can be obtained from the literature, cf., Eqs. (C46)-C(48)

in Ref. [33], by replacing the electron and v, spinors, (u.(p.), ,,(p,,)), with those of the muon and v,, (u,(p,). u,, (p,,)),
respectively,
M = S (0, (5L, (1 = 75, (9, N (PL7e(Cy = Cars)iy () BI1)
vyt T \/i Ml/;‘ pDL 4 75 ul/}, pu# u, pﬂ)yk( V= A}/S)uﬂ Pu)l» (

The matrix element depends on the particle’s four-momenta, p;, and the dash denotes final states. The quantities Cy and Cy,
are the vector and axial-vector coupling constants. After spin averaging and squaring, the transition amplitude takes the

following form,

2
E :lM vy =+,

S

= 16GE{B1(py - P, (P - PL,) + Bo(Ph - P, Py - Pl,) + Bamii(py, - Pl,)}

with f; = (Cy + Ca)?, o = (Cy — C4)? and f; =

=M, + prM, + 3 M3

(B12)

(B13)

C% — C3, where the values for Cy, and C, are listed in Table III.

The individual kinematic integral expression, denoted as /; — I3, which correspond to the muon initial- and final-state

momentum integrals of M

— M3, can be obtained from Eq. (10b) in Ref. [38] by replacing the electron with the muon four-

momenta. The remaining integrals are solved numerically following the approach developed in Ref. [21] for neutrino-

electron scattering, such that

G2 1
Rims., (Ev, - Eyy,.c0s0) = 2_712EU—ED;, {p1l

i

The definition of the remaining integrals, /; (EU LE, cos0),
is given in Egs. (11)—(27) in Ref. [21], based on the
polylogarithm functionals, which are used to perform the
remaining Fermi integrals.

In order to eliminate the remaining dependence on the
relative azimuthal angle ¢ in the scattering kernels (B8) and
(B9), a numerical 32-point Gauss quadrature integration is
employed, which is identical to the one of BOLTZTRAN for
neutrino—electron scattering (see Eq. (32) in Ref. [21]),
such that the scattering kernels depend only on incoming
and outgoing neutrino energies, as well as on the incoming
and outgoing neutrino lateral angles, R™™/ “(E,,.Ey.9.9).
For the procedure to avoid singular forward scattering,
expressions (37)—(43) in Ref. [21] are employed here for
neutrino—muon scattering.

For muon-antineutrino scattering on muons, the expres-
sions are a cross channel of muon—neutrino scattering
introduced above (similar to the relationship between
electron-antineutrino scattering on electrons and electron-
neutrino scattering on electrons [33]), given by the sub-
stitution Py, < p’yﬂ in the matrix element. It has been

1(Ey, Ey.cos0) + folh(E,  E, cos0) + P315(E,  E, . cos ) }.

(B14)

realized for neutrino—electron scattering, this corresponds
to the replacement of C4 <> —C, in the expressions for the
scattering kernels [33]. Therefore, it is straightforward to
obtain the corresponding scattering kernel R&‘i‘,[sjﬂ. Similar

replacements are done for electron-(anti) neutrino scatter-
ing on muons, RNMS [33] Table III summarizes the

values of Cy and C, for all neutrino-(anti)muon scattering
reactions. Furthermore, since the collision integral of the
Boltzmann equation (B7) has an identical form for NMS
and NES, the general neutrino—lepton scattering kernel in
the module for the inelastic scattering processes of

Boltztran is defined as follows,
RIC:J{S v = 7?’NES v Rlo\lli\t/ls.u’ (BIS)

for each pair of neutrino specie v.
Note that, due to detailed balance, the transition ampli-

tudes for in- and outscattering are equal, Y [M[2,,_ .. =

S IM2., ., (the degeneracy factors cancel), such that
the scattering kernels (B8) and (B9) are related via,
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. E —-E
RKIILS,D(EU’ E;9,9) = R&‘}ES‘U(E,,, E,,9,9)exp {—”T”} (B16)
which is the case for both, NES and NMS.

3. Purely leptonic lepton flavor changing processes
a. Lepton flavor exchange (LFE)

As an example, in the following, the focus will be on the reaction: v, + e~ S u~ +v,. In close analogy to (B7), the
collision integral of the Boltzmann transport equation is given by the following integral expression,

1 11 .
(E,.9) = [;—th (Ew”] ey e / E; dE, / d(cos ') / ddpRiyg,, (E,,. E,,.cosO)F, (E, . ¥)

Yy

cot

LFE

11 1
~Fy By ) Gy / E2 dE, / d(cos ) / ARy, (E,, . E, ,cose>[;—Fy (E, ﬂ)], (B17)
" " c c e e i " e e e
with the in- and outscattering kernels, again in close analogy to (B8) and (BY), given as follows,

‘ &p, &p,
Ries, (Er,- By, c050) = / Gael @ahep 2 EN = (£

Zs |M |12/,4+e‘<—/4‘ +v,

27)4st -p, - Bl
16EUME6E”E,/€ ( n.) 5 (pl/(. +p/t pe pl/ﬂ) ( 8)
&p, dp
ow  (F E ,cos0) = | —FL~—¢ 2f (E,)[1 - f,(E
Rith, (o cos0) = [ it eap ()1 = 1,(E,)

« Zs |M |Ii+e’ U +v,
16E, E.E,E,,

(27)*6*(py, + Pe = Pu = Pu,)- (B19)

The similarity to the expressions for neutrino-muon scattering, introduced above, is striking. However, unlike v,—u~

scattering, which has neutral-current Z°-boson and charged-current W~-boson contributions, this process is given by
a W™-boson exchange only, with the following matrix element:

My, ey o, = 3—% [, (py, 7" (1 = v5)ue(p)][i (p)Y* (1 = v5)u, (pi, )] (B20)

with the spinors, u;, depending on the corresponding four-momenta, p;, where the dash denotes final states. After
summation and spin-averaging, the transition amplitude takes the following form,

Z|M|Ii+e’—m’+yg = 64G%7(pu;, : pe)(p;l : p:/e)’ (B21)
S
such that
out G% 1
RLFEJJ” (EU#, E, .cos 0) = 4_2712 TR I (El,”, E, , cos 9), (B22)
v, =,

with the same definition of the remaining phase-space integral [ 1(EDM,EUE,COS 0) as for the case of neutrino—muon
scattering discussed above. However, due to different initial-state electron and final-state muon rest masses, there are
additional terms, which scale with the rest-mass energy difference, Am,,, = (m2 — m?)c*/2. Comparing these terms with
those for neutrino—muon scattering (see Egs. (11)—(18) in Ref. [21]) and using the same nomenclature as in Ref. [21], the

following modifications arise,
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22Tf,(E,, —E,,)
A5

x {E E; (1= cos0)*{AT?[G(vo) + 2y0G1(yo) +¥5Go(vo)] + BTG, (o) + ¥0Go(¥0)] + CGo(y0)}

+ Amye (1 = cos0)JoT[G (o) + yoGo(yo)] + Amy, E, (1 =cos0)J,Gy(yo)

+ Am2,J,Go(vo)}-

L(E, . E,, cost) =

(B23)

The functions A, A, B, C, fy (x), as well as the integral functionals G, (yq;7’), are defined in Ref. [21], see Egs. (14)—(20).
The latter are related to the Fermi integrals, which depend on the degeneracy parameter, 7/, which is related to n = u, /T,
and defined as follows,

r (Eyﬂ _ﬂﬂ) - (Eve _/"e)
m=n T )

(B24)

in contrast to Eq. (22) in Ref. [21], since electrons and muons can have rather different Fermi energies under SN conditions.
Furthermore, the argument, y,, of the Fermi-integrals, G, (yo;7’), also has an explicit dependence on the electron—-muon
rest-mass energy difference as follows,

1 1 E _E Amy,,
SCER N E, (1 —cos®)

A 2(m,c?)? 2Am Am 21172
B e pe He . B25
+ 2 { * E, E, (1 —cos0) + E, E, (1 —cos0) * E,E, (1 -cos0) (B25)

The additional phase-space terms, Jg, J;, and J,, are given by the following expressions,
Jo=E}, +E}E, (24 cos0) - E, E} (2+cos0) — E , (B26)
Ji =E) —E} E, cosf + E, E} (cos’0 —2) + E; cos¥), (B27)
1

J, = Ej cos — EE”“E”"' (3 +cosf) + EZ cosb. (B28)

Note also, in order to eliminate the azimuthal dependence of the scattering kernels, the same 32-point Gauss quadrature
numerical integration is performed as in the case of neutrino-lepton scattering. Note further that the relation of detailed
balance holds here as well for the transition amplitudes of the lepton-flavor exchange processes. However, due to the
presence of two different leptonic chemical potentials, the phase-space distributions for electrons and muons give rise to an
additional contribution to the relation of detailed balance for the scattering kernels, as follows,

RiL“FE.D# (va E,.9.9)= Rﬁ?E,y,, (va E,.9,9)exp {_

Note that, since the transition amplitudes for the processes
involving e* and u™ are the same as for the processes
involving e~ and p~, the scattering kernels are given by the
same expression [, (B23), with the replacement of the
chemical potentials, ,/, = —p,/,, and EUW - Ej, "

For the implementation of the LFE processes, (3a) and
(3b) in Table I, in the collision integral, the scattering
kernels are computed on the fly as part of the inelastic
scattering module of BOLTZTRAN. However, contrary
to neutrino-lepton scattering, here the initial- and final-
state neutrinos belong to different flavors. A new
module for this class of inelastic processes had to be

EL/), - EyF + He _)“/4}. <B29)

T

I
introduced according to (B17), Rypg, for (anti)muon and
(anti)electron neutrinos.

b. Lepton flavor conversion (LFC)

For LFC reactions (4a) and (4b) of Table I, the collision
integral of the Boltzmann equation takes the same form
as (B17), though changing initial- and final-state neutrino
distributions respectively. Also in- and outscattering ker-
nels have the same algebraic structure as for the lepton
flavor exchange processes (B18) and (B19), i.e., converting
(positron)electron into (anti)ymuon and vice versa. How-
ever, the matrix elements for LFC reactions are different.
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In the following, the process, 7, + e~ S u~ + 1, will be
discussed as an example, for which the matrix element can
be directly read off from (B21), replacing the v, spinor with
that of 7, neutrino and the v, spinor with that of 7, neutrino.
Then, the transition amplitude takes the following form,

S IMR i, = 64GH(P}, - po)(p) - ps,),  (B3O)
S

such that the outscattering kernel becomes,

G: 1

Rit¥cs, (Es, Ep,.cos0) = 42—EZEDM—EU

I,(E;,, E;,. cos 0),
(B31)

with the same remaining phase-space integral, IZ(E,;”, E;, .
cos@), as for the case of neutrino-muon scattering dis-
cussed above (see also Eq. (12) in Ref. [21]), with the
replacements E, — -E, and £, — —E; , as well as the

inclusion of the muon-electron rest-mass energy scale
|

or, o,

ot ot

27TmB
cc (hc)3

LFE+LFC

oF,
{ / dE, I3, d(cos 9)—" (E, . 9) ’

Amy,,. Then, applying the same nomenclature as in
Ref. [21] and as in (B23), the resulting additional terms,
Jo, J1, and J,, can be computed straightforwardly with the
aforementioned replacements. Note that the scattering
kernels for the processes involving e™ and u* are obtained
by the replacement of the chemical potentials as follows,
He/u = ~He/p-

Since in- and outscattering LFC kernels have the same
algebraic structure as in- and outscattering LFE kernels,
respectively, the reverse LFC processes are related through
detailed balance in the same way the LFE kernels are (B29).
Hence, it is convenient to define the total lepton flavor
exchange and conversion scattering kernel,

RO = Ri¥e, + Rifc,- (B32)

Note that LFE and LFC reactions change the abun-
dance of muons and electrons. Their contributions have
to be taken into account by modifying the evolution
equations (B4) and (B5) as follows,

OF,
- / dE, dE2 d(cos 9)— " (E, ,19)‘ ]
e ot . LFE+LFC

(B33)

Similarly, the Y, evolution equation has to be modified, as well,

or, _ov,
ot ot

Zﬂ:mB

cc (hc)3

LFE+LFC

OF
-2 | [ ab, a8 dteos 95 (£,,.9)|

OF;
_/dEDpdEgﬂd(cosﬁ) 81% (Eyﬂ)‘

LFE+LFCj| ’
(B34)

[1] H.-T. Janka, K. Langanke, A. Marek, G. Martinez-Pinedo,
and B. Miiller, Theory of core-collapse supernovae, Phys.
Rep. 442, 38 (2007).

[2] H.-T. Janka, Explosion mechanisms of core-collapse super-
novae, Annu. Rev. Nucl. Part. Sci. 62, 407 (2012).

[3] H. A. Bethe and J. R. Wilson, Revival of a stalled supernova
shock by neutrino heating, Astrophys. J. 295, 14 (1985).

[4] J. M. LeBlanc and J. R. Wilson, A numerical example of the
collapse of a rotating magnetized star, Astrophys. J. 161,
541 (1970).

[5] A. Burrows, E. Livne, L. Dessart, C. Ott, and J. Murphy, A
new mechanism for core-collapse supernova explosions,
Astrophys. J. 640, 878 (2006).

[6] 1. Sagert, T. Fischer, M. Hempel, G. Pagliara, J. Schaffner-
Bielich, A. Mezzacappa, F.-K. Thielemann, and M.
Liebendorfer, Signals of the QCD Phase Transition in
Core-Collapse Supernovae, Phys. Rev. Lett. 102, 081101
(2009).

[7] T. Fischer, N.-U. F. Bastian, M.-R. Wu, P. Baklanov, E.
Sorokina, S. Blinnikov, S. Typel, T. Kldhn, and D.B.
Blaschke, Quark deconfinement as a supernova explosion
engine for massive blue supergiant stars, Nat. Astron. 2, 980
(2018).

[8] T. Fischer, M.-R. Wu, B. Wehmeyer, N.-U. F. Bastian, G.
Martinez-Pinedo, and F.-K. Thielemann, Core-collapse
supernova explosions driven by the hadron-quark phase
transition as a rare r-process site, Astrophys. J. 894, 9
(2020).

[9] B. Miiller, The status of multi-dimensional core-collapse
supernova models, Pub. Astron. Soc. Aust. 33, e048
(2016).

[10] T. Fischer, N.-U. Bastian, D. Blaschke, M. Cierniak, M.
Hempel, T. Kldhn, G. Martinez-Pinedo, W.G. Newton,
G. Ropke, and S. Typel, The state of matter in simulations
of core-collapse supernovae-reflections and recent develop-
ments, Pub. Astron. Soc. Aust. 34, e067 (2017).

123001-20


https://doi.org/10.1016/j.physrep.2007.02.002
https://doi.org/10.1016/j.physrep.2007.02.002
https://doi.org/10.1146/annurev-nucl-102711-094901
https://doi.org/10.1086/163343
https://doi.org/10.1086/150558
https://doi.org/10.1086/150558
https://doi.org/10.1086/500174
https://doi.org/10.1103/PhysRevLett.102.081101
https://doi.org/10.1103/PhysRevLett.102.081101
https://doi.org/10.1038/s41550-018-0583-0
https://doi.org/10.1038/s41550-018-0583-0
https://doi.org/10.3847/1538-4357/ab86b0
https://doi.org/10.3847/1538-4357/ab86b0
https://doi.org/10.1017/pasa.2016.40
https://doi.org/10.1017/pasa.2016.40
https://doi.org/10.1017/pasa.2017.63

MUONIZATION OF SUPERNOVA MATTER

PHYS. REV. D 102, 123001 (2020)

[11] S. Yamada, H.-T. Janka, and H. Suzuki, Neutrino transport
in type II supernovae: Boltzmann solver vs. Monte Carlo
method, Astron. Astrophys. 344, 533 (1999), http://articles
.adsabs.harvard.edu/pdf/1999A%26A...344..533Y.

[12] M. Liebendorfer, A. Mezzacappa, F.-K. Thielemann, O. E.
Bronson Messer, W. R. Hix, and S. W. Bruenn, Probing the
gravitational well: No supernova explosion in spherical
symmetry with general relativistic Boltzmann neutrino
transport, Phys. Rev. D 63, 103004 (2001).

[13] C. Chan and B. Miiller, A novel multidimensional
Boltzmann neutrino transport scheme for core-collapse
supernovae, Mon. Not. R. Astron. Soc. 496, 2000
(2020).

[14] C.D. Ott, A. Burrows, L. Dessart, and E. Livne, Two-
dimensional multiangle, multigroup neutrino radiationhy-
drodynamic simulations of postbounce supernova cores,
Astrophys. J. 685, 1069 (2008).

[15] H. Nagakura, W. Iwakami, S. Furusawa, H. Okawa, A.
Harada, K. Sumiyoshi, S. Yamada, H. Matsufuru, and
A. Imakura, Simulations of core-collapse supernovae in
spatial axisymmetry with full Boltzmann neutrino transport,
Astrophys. J. 854, 136 (2018).

[16] N. Glendenning, in Compact Stars. Nuclear Physics,
Particle Physics and General Relativity (Springer-Verlag,
New York, 1996), ISBN 0-387-94783-3.

[17] R. Bollig, H.-T. Janka, A. Lohs, G. Martinez-Pinedo, C.J.
Horowitz, and T. Melson, Muon Creation in Supernova
Matter Facilitates Neutrino-Driven Explosions, Phys. Rev.
Lett. 119, 242702 (2017).

[18] R. Bollig, W. DeRocco, P. W. Graham, and H.-T. Janka,
Muons in Supernovae: Implications for the Axion-Muon
Coupling, Phys. Rev. Lett. 125, 051104 (2020).

[19] A. Mezzacappa and S. Bruenn, A numerical method for
solving the neutrino Boltzmann equation coupled to spheri-
cally symmetric stellar core collapse, Astrophys. J. 405, 669
(1993).

[20] A. Mezzacappa and S. Bruenn, Type II supernovae and
Boltzmann neutrino transport: The infall phase, Astrophys.
J. 405, 637 (1993).

[21] A. Mezzacappa and S. W. Bruenn, Stellar core collapse:
A Boltzmann treatment of neutrino-electron scattering,
Astrophys. J. 410, 740 (1993).

[22] M. Liebendorfer, A. Mezzacappa, and F.-K. Thielemann,
Conservative general relativistic radiation hydrodynamics
in spherical symmetry and comoving coordinates, Phys.
Rev. D 63, 104003 (2001).

[23] M. Liebendorfer, O. Messer, A. Mezzacappa, S. Bruenn, C.
Cardall, and F.-K. Thielemann, A finite difference repre-
sentation of neutrino radiation hydrodynamics for spheri-
cally symmetric general relativistic supernova simulations,
Astrophys. J. Suppl. Ser. 150, 263 (2004).

[24] M. Liebendorfer, S. Rosswog, and F.-K. Thielemann, An
adaptive grid, implicit code for spherically symmetric,
general relativistic hydrodynamics in comoving coordi-
nates, Astrophys. J. Suppl. Ser. 141, 229 (2002).

[25] E. O’Connor, R. Bollig, A. Burrows, S. Couch, T. Fischer,
H.-T.Janka, K. Kotake, E. J. Lentz, M. Liebendorfer, O. E. B.
Messer, A. Mezzacappa, T. Takiwaki, and D. Vartanyan,
Global comparison of core-collapse supernova simulations
in spherical symmetry, J. Phys. G 45, 104001 (2018).

[26] M. Hempel, T. Fischer, J. Schaffner-Bielich, and M.
Liebendorfer, New equations of state in simulations of
core-collapse supernovae, Astrophys. J. 748, 70 (2012).

[27] F. X. Timmes and D. Arnett, The accuracy, consistency, and
speed of five equations of state for stellar hydrodynamics,
Astrophys. J. Suppl. Ser. 125, 277 (1999).

[28] M. Hempel and J. Schaffner-Bielich, Statistical model for a
complete supernova equation of state, Nucl. Phys. A837,
210 (2010).

[29] S. Typel, G. Ropke, T. Kldhn, D. Blaschke, and H. H.
Wolter, Composition and thermodynamics of nuclear matter
with light clusters, Phys. Rev. C 81, 015803 (2010).

[30] R. Buras, M. Rampp, H.-T. Janka, and K. Kifonidis,
Two-dimensional hydrodynamic core-collapse supernova
simulations with spectral neutrino transport. 1. Numerical
method and results for a 15 solar mass star, Astron.
Astrophys. 447, 1049 (2006).

[31] T. Fischer, S.C. Whitehouse, A. Mezzacappa, F.-K.
Thielemann, and M. Liebenddrfer, The neutrino signal from
protoneutron star accretion and black hole formation,
Astron. Astrophys. 499, 1 (2009).

[32] cos ¥ is used here and not u = cosd as in the standard
literature, not to confuse with the muons.

[33] S. W. Bruenn, Stellar core collapse: Numerical model and
infall epoch, Astrophys. J. Suppl. Ser. 58, 771 (1985).

[34] G. Guo, G. Martinez-Pinedo, A. Lohs, and T. Fischer,
Charged-current muonic reactions in core-collapse super-
novae, Phys. Rev. D 102, 023037 (2020).

[35] T. Fischer, G. Guo, A.A. Dzhioev, G. Martinez-Pinedo,
M.-R. Wu, A. Lohs, and Y.-Z. Qian, Neutrino signal from
proto-neutron star evolution: Effects of opacities from
charged-current-neutrino interactions and inverse neutron
decay, Phys. Rev. C 101, 025804 (2020).

[36] M. Qertel, A. Pascal, M. Mancini, and J. Novak, Improved
neutrino-nucleon interactions in dense and hot matter for
numerical simulations, Phys. Rev. C 102, 035802 (2020).

[37] C.J. Horowitz, Weak magnetism for antineutrinos in super-
novae, Phys. Rev. D 65, 043001 (2002).

[38] D. Tubbs and D. Schramm, Neutrino opacities at high
temperatures and densities, Astrophys. J. 201, 467 (1975).

[39] P.J. Schinder and S. L. Shapiro, Neutrino emission from a
hot, dense, plane-parallel atmosphere in hydrostatic equi-
librium. II—Numerical methods and interaction functions,
Astrophys. J. Suppl. Ser. 50, 23 (1982).

[40] T. Fischer, G. Martinez-Pinedo, M. Hempel, and M.
Liebendorfer, Neutrino spectra evolution during protoneu-
tron star deleptonization, Phys. Rev. D 85, 083003
(2012).

[41] S. Woosley, A. Heger, and T. Weaver, The evolution and
explosion of massive stars, Rev. Mod. Phys. 74, 1015
(2002).

[42] A. Juodagalvis, K. Langanke, W.R. Hix, G. Martinez-
Pinedo, and J. M. Sampaio, Improved estimate of electron
capture rates on nuclei during stellar core collapse, Nucl.
Phys. A848, 454 (2010).

[43] G. Martinez-Pinedo, T. Fischer, A. Lohs, and L. Huther,
Charged-Current Weak Interaction Processes in Hot and
Dense Matter and its Impact on the Spectra of Neutrinos
Emitted from Protoneutron Star Cooling, Phys. Rev. Lett.
109, 251104 (2012).

123001-21


http://articles.adsabs.harvard.edu/pdf/1999A%26A...344..533Y
http://articles.adsabs.harvard.edu/pdf/1999A%26A...344..533Y
http://articles.adsabs.harvard.edu/pdf/1999A%26A...344..533Y
http://articles.adsabs.harvard.edu/pdf/1999A%26A...344..533Y
http://articles.adsabs.harvard.edu/pdf/1999A%26A...344..533Y
http://articles.adsabs.harvard.edu/pdf/1999A%26A...344..533Y
http://articles.adsabs.harvard.edu/pdf/1999A%26A...344..533Y
http://articles.adsabs.harvard.edu/pdf/1999A%26A...344..533Y
http://articles.adsabs.harvard.edu/pdf/1999A%26A...344..533Y
https://doi.org/10.1103/PhysRevD.63.103004
https://doi.org/10.1093/mnras/staa1666
https://doi.org/10.1093/mnras/staa1666
https://doi.org/10.1086/591440
https://doi.org/10.3847/1538-4357/aaac29
https://doi.org/10.1103/PhysRevLett.119.242702
https://doi.org/10.1103/PhysRevLett.119.242702
https://doi.org/10.1103/PhysRevLett.125.051104
https://doi.org/10.1086/172395
https://doi.org/10.1086/172395
https://doi.org/10.1086/172394
https://doi.org/10.1086/172394
https://doi.org/10.1086/172791
https://doi.org/10.1103/PhysRevD.63.104003
https://doi.org/10.1103/PhysRevD.63.104003
https://doi.org/10.1086/380191
https://doi.org/10.1086/339872
https://doi.org/10.1088/1361-6471/aadeae
https://doi.org/10.1088/0004-637X/748/1/70
https://doi.org/10.1086/313271
https://doi.org/10.1016/j.nuclphysa.2010.02.010
https://doi.org/10.1016/j.nuclphysa.2010.02.010
https://doi.org/10.1103/PhysRevC.81.015803
https://doi.org/10.1051/0004-6361:20053783
https://doi.org/10.1051/0004-6361:20053783
https://doi.org/10.1051/0004-6361/200811055
https://doi.org/10.1086/191056
https://doi.org/10.1103/PhysRevD.102.023037
https://doi.org/10.1103/PhysRevC.101.025804
https://doi.org/10.1103/PhysRevC.102.035802
https://doi.org/10.1103/PhysRevD.65.043001
https://doi.org/10.1086/153909
https://doi.org/10.1086/190818
https://doi.org/10.1103/PhysRevD.85.083003
https://doi.org/10.1103/PhysRevD.85.083003
https://doi.org/10.1103/RevModPhys.74.1015
https://doi.org/10.1103/RevModPhys.74.1015
https://doi.org/10.1016/j.nuclphysa.2010.09.012
https://doi.org/10.1016/j.nuclphysa.2010.09.012
https://doi.org/10.1103/PhysRevLett.109.251104
https://doi.org/10.1103/PhysRevLett.109.251104

TOBIAS FISCHER et al.

PHYS. REV. D 102, 123001 (2020)

[44] L. F. Roberts, S. Reddy, and G. Shen, Medium modification
of the charged-current neutrino opacity and its implications,
Phys. Rev. C 86, 065803 (2012).

[45] T. Fischer, The role of medium modifications for neutrino-
pair processes from nucleon-nucleon bremsstrahlung.
Impact on the protoneutron star deleptonization, Astron.
Astrophys. 593, A103 (2016).

[46] E.J.Lentz, A. Mezzacappa, O. E. B. Messer, M. Liebendorfer,
W. R. Hix, and S. W. Bruenn, On the requirements for realistic
modeling of neutrino transport in simulations of core-collapse
supernovae, Astrophys. J. 747, 73 (2012).

[47] K. Kotake, T. Takiwaki, T. Fischer, K. Nakamura, and
G. Martinez-Pinedo, Impact of neutrino opacities on core-
collapse supernova simulations, Astrophys. J. 853, 170
(2018).

[48] J.R. Wilson and R. W. Mayle, Convection in core collapse
supernovae, Phys. Rep. 163, 63 (1988).

[49] W. Keil, H. Janka, and E. Muller, Ledoux convection in
protoneutron stars: A clue to supernova nucleosynthesis?,
Astrophys. J. 473, L111 (1996).

[50] K. Kotake, K. Sato, and K. Takahashi, Explosion mecha-
nism, neutrino burst, and gravitational wave in core-collapse
supernovae, Rep. Prog. Phys. 69, 971 (2006).

[51] L. F. Roberts, G. Shen, V. Cirigliano, J. A. Pons, S. Reddy,
and S.E. Woosley, Protoneutron Star Cooling with Con-
vection: The Effect of the Symmetry Energy, Phys. Rev.
Lett. 108, 061103 (2012).

[52] A. Mirizzi, I. Tamborra, H.-T. Janka, N. Saviano, K.
Scholberg, R. Bollig, L. Hiidepohl, and S. Chakraborty,
Supernova neutrinos: Production, oscillations and detection,
Nuovo Cimento Riv. Ser. 39, 1 (2016).

[53] H. Andresen, B. Miiller, E. Miiller, and H.T. Janka,
Gravitational wave signals from 3D neutrino hydrodynam-
ics simulations of core-collapse supernovae, Mon. Not. R.
Astron. Soc. 468, 2032 (2017).

[54] H. Kawahara, T. Kuroda, T. Takiwaki, K. Hayama, and
K. Kotake, A linear and quadratic time-frequency analysis

of gravitational waves from core-collapse supernovae,
Astrophys. J. 867, 126 (2018).

[55] V. Morozova, D. Radice, A. Burrows, and D. Vartanyan,
The gravitational wave signal from core-collapse super-
novae, Astrophys. J. 861, 10 (2018).

[56] J. Powell and B. Miiller, Gravitational wave emission from
3D explosion models of core-collapse supernovae with low
and normal explosion energies, Mon. Not. R. Astron. Soc.
487, 1178 (2019).

[57] D. Radice, V. Morozova, A. Burrows, D. Vartanyan, and H.
Nagakura, Characterizing the gravitational wave signal from
core-collapse supernovae, Astrophys. J. 876, L9 (2019).

[58] A. Mezzacappa, P. Marronetti, R. E. Landfield, E.J. Lentz,
K.N. Yakunin, S.W. Bruenn, W.R. Hix, O.E. Bronson
Messer, E. Endeve, J. M. Blondin, and J. A. Harris, Gravi-
tational-wave signal of a core-collapse supernova explosion
of a 15 Mg, star, Phys. Rev. D 102, 023027 (2020).

[59] Y. Suwa, T. Takiwaki, K. Kotake, T. Fischer, M.
Liebendorfer, and K. Sato, On the importance of the
equation of state for the neutrino-driven supernova explo-
sion mechanism, Astrophys. J. 764, 99 (2013).

[60] B. Fore and S. Reddy, Pions in hot dense matter and their
astrophysical implications, Phys. Rev. C 101, 035809
(2020).

[61] S. Reddy, M. Prakash, and J. M. Lattimer, Neutrino inter-
actions in hot and dense matter, Phys. Rev. D 58, 013009
(1998).

[62] G. Martinez-Pinedo, T. Fischer, and L. Huther, Supernova
neutrinos and nucleosynthesis, J. Phys. G 41, 044008
(2014).

[63] T. Fischer, M. Hempel, 1. Sagert, Y. Suwa, and J. Schaffner-
Bielich, Symmetry energy impact in simulations of core-
collapse supernovae, Eur. Phys. J. A 50, 46 (2014).

Correction: The previously published Fig. 10 and the corre-
sponding caption contained errors and have been replaced.

123001-22


https://doi.org/10.1103/PhysRevC.86.065803
https://doi.org/10.1051/0004-6361/201628991
https://doi.org/10.1051/0004-6361/201628991
https://doi.org/10.1088/0004-637X/747/1/73
https://doi.org/10.3847/1538-4357/aaa716
https://doi.org/10.3847/1538-4357/aaa716
https://doi.org/10.1016/0370-1573(88)90036-1
https://doi.org/10.1086/310404
https://doi.org/10.1088/0034-4885/69/4/R03
https://doi.org/10.1103/PhysRevLett.108.061103
https://doi.org/10.1103/PhysRevLett.108.061103
https://doi.org/10.1393/ncr/i2016-10120-8
https://doi.org/10.1093/mnras/stx618
https://doi.org/10.1093/mnras/stx618
https://doi.org/10.3847/1538-4357/aae57b
https://doi.org/10.3847/1538-4357/aac5f1
https://doi.org/10.1093/mnras/stz1304
https://doi.org/10.1093/mnras/stz1304
https://doi.org/10.3847/2041-8213/ab191a
https://doi.org/10.1103/PhysRevD.102.023027
https://doi.org/10.1088/0004-637X/764/1/99
https://doi.org/10.1103/PhysRevC.101.035809
https://doi.org/10.1103/PhysRevC.101.035809
https://doi.org/10.1103/PhysRevD.58.013009
https://doi.org/10.1103/PhysRevD.58.013009
https://doi.org/10.1088/0954-3899/41/4/044008
https://doi.org/10.1088/0954-3899/41/4/044008
https://doi.org/10.1140/epja/i2014-14046-5

