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We study νμ-νs and ν̄μ-ν̄s mixing in the protoneutron star (PNS) created in a core-collapse supernova

(CCSN). We point out the importance of the feedback on the general composition of the PNS in addition to

the obvious feedback on the νμ lepton number. We show that for our adopted mixing parameters δm2
∼

102 keV2 and sin2 2θ consistent with the current constraints, sterile neutrino production is dominated by

the Mikheyev–Smirnov–Wolfenstein conversion of ν̄μ into ν̄s and that the subsequent escape of ν̄s increases

the νμ lepton number, which in turn enhances muonization of the PNS primarily through νμ þ n → pþ μ−.

While these results are qualitatively robust, their quantitative effects on the dynamics and active neutrino

emission of core-collapse supernovae should be evaluated by including νμ-νs and ν̄μ-ν̄s mixing in the

simulations.
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I. INTRODUCTION

Sterile neutrinos (νs) associated with a vacuum mass

eigenstate of keV-scale mass are a viable candidate for the

mysterious dark matter [1–5]. Because of their tiny mixing

with active neutrinos (να), they can decay radiatively,

νs → να þ γ, thereby allowing experimental probes

through the decay x-ray line. In fact, major experimental

constraints on active-sterile neutrino mixing primarily

come from such x-ray searches [6–11]. There are also

other significant constraints from phase-space considera-

tions (the Tremaine-Gunn bound) [12–15], measurement of

Lyman-α forests [16–18], and terrestrial nuclear decay

searches [19–22]. Among many theoretical explorations,

a number of studies have investigated the effects of active-

sterile neutrino mixing in core-collapse supernovae

(CCSNe) [23–37]. In this paper, we focus on the mixing

between νμ (ν̄μ) and νs (ν̄s) with a vacuum mass-squared

difference of δm2
∼ 102 keV2 in protoneutron stars (PNSs)

created in CCSNe. In particular, we treat this mixing in the

presence of muons. In contrast to Ref. [34], which focused

on the energy loss due to νx-νs and ν̄x-ν̄s (x ¼ μ, τ) mixing

and stated that the presence of muons makes little

difference, we show that inclusion of muons leads to more

complicated feedback effects for νμ-νs and ν̄μ-ν̄s mixing

than those for ντ-νs and ν̄τ-ν̄s mixing.

Owing to the high densities and temperatures in the PNS,

muon production or muonization (e.g., e− þ ν̄e → μ− þ ν̄μ,

νμ þ n → pþ μ−) is energetically allowed and dynami-

cally important for the neutrino-driven explosion [38].

The dynamic effects of muonization can be understood

qualitatively as follows. For the conditions in the PNS,

electrons are highly relativistic, and their contribution to the

pressure is ≈1=3 of their energy density. Without muons,

charge neutrality requires an equal number of electrons and

protons. For a given initial distribution of protons, as some

electrons are converted into muons, a fraction of the

electron energy is converted into the rest mass energy of

muons, thereby reducing the net pressure. Consequently,

the PNS contracts faster, and the resulting increase in

neutrino luminosity enhances heating of the material out-

side the PNS, which helps the neutrino-driven

explosion [38]. The conditions in the PNS also facilitate

conversion of ν̄μ into ν̄s through the Mikheyev–Smirnov–

Wolfenstein (MSW) effect [39,40], which tends to increase

the νμ lepton number, thereby enhancing muonization

mainly through the reaction νμ þ n → pþ μ−. While the

corresponding dynamic effects must be investigated by

incorporating νμ-νs and ν̄μ-ν̄s mixing in CCSN simulations,

our goal in this paper is to illustrate how such mixing

enhances muonization in the PNS and to estimate the

potential enhancement.

The rest of the paper is organized as follows. In Sec. II

we discuss the production of sterile neutrinos through νμ-νs
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and ν̄μ-ν̄s mixing in a PNS. Much of the treatment is similar

to that of ντ-νs and ν̄τ-ν̄s mixing, and we closely follow the

discussion in Ref. [35]. In Sec. III we discuss the treatment

of the feedback effects of νμ-νs and ν̄μ-ν̄s mixing in the

presence of muons. In Sec. IV we present example

calculations to illustrate the effects of such mixing on

muonization in the PNS. In Sec. V we discuss our results

and give conclusions.

II. PRODUCTION OF STERILE NEUTRINOS

IN A PNS

We assume spherical symmetry, for which the conditions

in the PNS are functions of radius r and time t only. We

focus on the region where all active neutrinos are diffusing

and assume that all particles of concern, n, p, e�, μ�, νe, ν̄e,
νμ, ν̄μ, ντ, and ν̄τ, have Fermi-Dirac energy distributions

characterized by the same temperature T but species-

specific chemical potentials. For example, the νμ and ν̄μ
energy distributions (number densities per unit energy

interval per unit solid angle) are

d2nνμ

dEdΩ
¼ 1

ð2πÞ3
E2

exp½ðE − μνμÞ=T� þ 1
; ð1aÞ

d2nν̄μ

dEdΩ
¼ 1

ð2πÞ3
E2

exp½ðEþ μνμÞ=T� þ 1
; ð1bÞ

where μνμ is the νμ chemical potential, and we have used

μν̄μ ¼ −μνμ . The corresponding νμ lepton number fraction

(net number per baryon) is

Yνμ
¼

nνμ − nν̄μ

nb
¼

T3ηνμ

6nb

�

1þ
η2νμ

π2

�

; ð2Þ

where ηνμ ¼ μνμ=T and nb is the baryon number density.

The treatment of νμ-νs and ν̄μ-ν̄s mixing would mirror

that of ντ-νs and ν̄τ-ν̄s mixing (e.g., [27,28,31,32,34,35])

were there no muons. With muons, the effective potential

for νμ-νs mixing is

Vν ¼
ffiffiffi

2

p
GFnb

�

−
Yn

2
þ Yμ þ Yνe

þ 2Yνμ

�

; ð3Þ

where GF is the Fermi constant, and Yα (α ¼ n, μ, νe, and
νμ) is the net number fraction for species α. In Eq. (3), we

have applied the constraint of charge neutrality,

Ye þ Yμ ¼ Yp, so the contributions from forward scattering

of νμ on protons and electrons do not appear explicitly. We

have also assumed that there is no net ντ lepton number in

the PNS (i.e., Yντ
¼ 0 and μντ ¼ 0). Note that Vν, nb, and

Yα are all functions of r and t. For convenience, here and

below, we usually suppress such radial and temporal

dependence. The potential for ν̄μ-ν̄s mixing is V ν̄ ¼ −Vν.

The potential Vν (V ν̄) modifies the mixing angle between

νμ (ν̄μ) and νs (ν̄s) in the PNS. For νμ and ν̄μ with energy E,

the effective mixing angles are given by

sin22θν ¼
Δ

2sin22θ

ðΔ cos 2θ − VνÞ2 þ Δ
2sin22θ

; ð4aÞ

sin22θν̄ ¼
Δ

2sin22θ

ðΔ cos 2θ − V ν̄Þ2 þ Δ
2sin22θ

; ð4bÞ

where θ ≪ 1 is the vacuum mixing angle and

Δ ¼ δm2=ð2EÞ. For the conditions in the PNS, Vν < 0

and V ν̄ > 0. Therefore, νμ-νs mixing is suppressed whereas

ν̄μ-ν̄s mixing can be enhanced by the MSW resonance. This

resonance occurs when Δ cos 2θ ¼ V ν̄, and defines a

resonance energy ER ¼ δm2 cos 2θ=ð2V ν̄Þ.
Resonant conversion of ν̄μ into ν̄s is the dominant

mechanism for producing sterile neutrinos inside the

PNS (e.g., [31,32,34,35]). We follow Ref. [35] and adopt

the following rate of change in Yνμ
due to the MSW

conversion of ν̄μ and the subsequent escape of ν̄s from the

PNS:

ẎMSW
νμ

¼ ΘðλR − δrÞ πERð1 − P2

LZÞ
nbHR

d2nν̄μ

dEdΩ

�

�

�

�

ER

: ð5Þ

In the above equation, ΘðxÞ is the Heaviside step function,

λR ¼ 1=½nbσðERÞ� is the mean free path at the resonant

neutrino energy ER, σðEÞ ≈G2
FE

2=π is the cross section

governing ν̄μ diffusion (e.g., [28]), δr ¼ 2HR tan 2θ is the

width of the resonance region, HR is the scale height

j∂ lnV ν̄=∂rj−1ER
with the derivative taken at the resonance

radius for ER, and

PLZ ¼ exp

�

−
πδm2HRsin

22θ

4ER cos 2θ

�

ð6Þ

is the Landau-Zener survival probability for a radially

propagating ν̄μ after it crosses the resonance. Note that a

radially outgoing ν̄μ crosses the resonance only once,

whereas a radially incoming ν̄μ crosses the resonance twice

(see Fig. 1). Both situations are taken into account [35]

by Eq. (5).

Apart from the MSW conversion of ν̄μ into ν̄s, νs (ν̄s) can

be produced via collisions of νμ (ν̄μ) with the PNS

constituents. In this scenario, νμ (ν̄μ) evolves as a linear

combination of two effective mass eigenstates between

collisions. Upon collision, which is predominantly with

baryons, the wave function collapses, and a νs (ν̄s) is

produced with a probability proportional to sin2 2θν
ðsin2 2θν̄Þ. For the mixing parameters of interest, the

collisional production of νs and ν̄s inside a PNS is much

less efficient than the MSW conversion of ν̄μ into ν̄s.
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Nevertheless, for completeness, we also include the follow-

ing contribution in the rate of change in Yνμ
from the

collisional production of νs and ν̄s:

Ẏcoll
νμ

¼ G2
F

�
Z

Eν̄μ

dEE2sin22θν̄
d2nν̄μ

dEdΩ

−

Z

∞

0

dEE2sin22θν
d2nνμ

dEdΩ

�

: ð7Þ

In the above equation, the integration over Eν̄μ
excludes the

range ½ER − δE=2; ER þ δE=2� with δE ¼ ðλR=HRÞER

when λR exceeds δr and MSW conversion occurs for

resonant ν̄μ, but covers the entire energy range otherwise.

III. FEEDBACK FROM ACTIVE-STERILE

NEUTRINO MIXING

We focus on the region where active neutrinos are

trapped. Because sterile neutrinos can escape from this

region, νμ-νs and ν̄μ-ν̄s mixing leads to changes of the νμ
and ν̄μ energy distributions, which in turn cause evolution

of Yνμ
, and hence that of Vν and V ν̄. This type of feedback

also occurs for ντ-νs and ν̄τ-ν̄s mixing [28,32,34,35]. What

is new here, however, is that the changes of the νμ and ν̄μ
energy distributions cause evolution of Yn, Yp, and Yμ

through the reactions

νμ þ n→ pþ μ−; ð8aÞ

ν̄μ þ p → nþ μþ: ð8bÞ

Therefore, the feedback effects for νμ-νs and ν̄μ-ν̄s mixing

are more complicated than those for ντ-νs and ν̄τ-ν̄s mixing.

Reactions in Eqs. (8a) and (8b) also occur in reverse, and

there are parallel processes involving νe and ν̄e as well:

νe þ n ⇌ pþ e−; ð9aÞ

ν̄e þ p ⇌ nþ eþ: ð9bÞ

Consequently, in order to treat the feedback on Vν and V ν̄

for νμ-νs and ν̄μ-ν̄s mixing, we must include all the

processes described above to follow the evolution of Yn,

Yp, Yμ, Ye, Yνμ
, and Yνe

simultaneously.

As mentioned in Sec. II, the particles of concern, n, p,

μ�, e�, νμ, ν̄μ, νe, and ν̄e, are assumed to have Fermi-Dirac

energy distributions characterized by the same temperature

T but species-specific chemical potentials. For fixed T and

nb, the number fractions Yn, Yp, Yμ, Ye, Yνμ
, and Yνe

are

specified by the corresponding chemical potentials [see,

e.g., Eq. (2) for Yνμ
]. We use the following six constraints to

determine these chemical potentials:

Yn þ Yp ¼ 1; ð10aÞ

Ye þ Yμ ¼ Yp; ð10bÞ

μνe þ μn ¼ μp þ μe; ð10cÞ

μνμ þ μn¼ μp þ μμ; ð10dÞ

Ẏe þ Ẏνe
¼ ΓLe

; ð10eÞ

Ẏμ þ Ẏνμ
¼ ΓLμ

; ð10fÞ

where ΓLe
and ΓLμ

are the net rates of change in Ye þ Yνe

and Yμ þ Yνμ
(see below). The constraints in Eqs. (10a),

(10b), (10e), and (10f) correspond to conservation of

baryon number, electric charge, and net lepton numbers

of the electron and muon types. We have assumed that

chemical equilibrium is achieved among n, p, e�, νe, and
ν̄e [Eq. (10c)], and also among n, p, μ�, νμ, and ν̄μ
[Eq. (10d)]. This assumption is consistent with the Fermi-

Dirac energy distributions adopted for the above particles

and with the fast rates (see Appendix) for interconverting n
and p by these particles.

For the net rates of change in Ye þ Yνe
and Yμ þ Yνμ

, we

ignore the transport of Yνe
and Yνμ

by diffusion and take

ΓLe
¼ 0; ð11aÞ

ΓLμ
¼ ẎMSW

νμ
þ Ẏcoll

νμ
: ð11bÞ

The above approximation highlights the effects of sterile

neutrino production, and its validity will be discussed

in Sec. V.

FIG. 1. Illustration of two types of escaping ν̄s. One type is

converted from radially outgoing ν̄μ that experience a single

MSW resonance, while the other type is converted from radially

incoming ν̄μ that experience two resonances (with conversion

occurring only at the first resonance).
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FIG. 2. Comparison of the radial profiles of T, ρ, Ye, Yνe
, Yμ, and Yνμ

at tpb ¼ 1 and 1.25 s for a 20M⊙ CCSN model (with the SFHo

nuclear equation of state and with muonization) provided by the Garching group [38,41].
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IV. RESULTS

We now present example calculations of the effects of

νμ-νs and ν̄μ-ν̄s mixing in a PNS. We expect that in addition

to the feedback effects discussed in Sec. III, such mixing

would also affect the evolution of temperature T and

density ρ. As mentioned in the Introduction, such dynamic

effects can be properly quantified only by including νμ-νs
and ν̄μ-ν̄s mixing in CCSN simulations. Our goal here,

however, is to elucidate how such mixing enhances

muonization. As a reasonable approximation, we limit

the duration of our calculations so that the radial profiles

of T and ρ can be considered as fixed in time. As the initial

conditions, we take a snapshot at time post bounce tpb ¼
1 s of a 20M⊙ CCSN model (with the SFHo nuclear

equation of state and with muonization) provided by the

Garching group [38,41]. Based on the comparison of the

conditions at tpb ¼ 1 s and those at the next output instant

tpb ¼ 1.25 s (see Fig. 2), we consider it reasonable to

assume no evolution of TðrÞ and ρðrÞ for a duration of

Δt ¼ 0.1 s. We also limit our calculations to within the

radius r ¼ 14.7 km, which corresponds to a temperature of

T ¼ 25.6 MeV and a density of ρ ¼ 8.01 × 1013 g cm−3,

so that all active neutrinos are in the trapped regime

throughout the calculations.

Starting with the conditions at tpb ¼ 1 s and taking TðrÞ
and ρðrÞ as fixed in time, we follow the evolution of Yn, Yp,

Ye, Yνe
, Yμ, and Yνμ

by solving Eqs. (10a)–(10f) simulta-

neously. We carry out the calculations up to tpb ¼ 1.1 s in

multiple time steps. For each step, we require that the

results have numerically converged (with differences less

than 1% when the calculations are repeated with half the

step size). We have also checked that throughout the

FIG. 3. Evolution of Ye, Yνe
, Yμ, and Yνμ

as functions of radius r and time t for ms ¼ 7.1 keV and sin2 2θ ¼ 7 × 10−11. Diffusion of

Yνe
and Yνμ

is ignored.
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calculations, the changes in the total energy density and

pressure of each radial zone are small (always less than

10% but typically a few percentage or less) as compared to

the initial values of these quantities. For illustration, we

show the results for tpb ¼ 1.0025, 1.01, 1.05, and 1.1 s.

We take δm2
≈m2

s with ms ¼ 7.1 keV and sin2 2θ ¼
7 × 10−11, which are suggested by interpreting the x-ray

line emission near 3.55 keV from galaxy clusters as due to

sterile neutrino decay [42,43]. For comparison, we use

ms ¼ 10 keV and sin2 2θ ¼ 10−12, which are chosen for

sterile neutrinos to make up all the dark matter [8,11]. For

convenience, hereafter we refer to the two adopted sets of

mixing parameters by the corresponding ms values. Using

the rates ΓLe
and ΓLμ

in Eqs. (11a) and (11b), we show the

evolution of Ye (top left), Yνe
(top right), Yμ (bottom left),

and Yνμ
(bottom right) as functions of radius r and time t

in Figs. 3 and 4 for ms ¼ 7.1 and 10 keV, respectively.

The evolution of Yn and Yp (not shown) can be obtained

from that of Ye and Yμ through Eqs. (10a) and (10b).

As shown in Figs. 3 and 4, there is little evolution of Ye;

the evolution of Yνe
is less than that of Yνμ

, and the

evolution of Yμ is the largest. This comparison is reflected

by changes of the corresponding chemical potentials.

For illustration, we show in the left (right) panel of

Fig. 5 the evolution of the chemical potentials μe, μνe ,

μμ, and μνμ for the zone at r¼14.1km forms¼7.1ð10ÞkeV.
It can be seen that the changes jΔμej and jΔμνe j are

much smaller than jΔμνμ j and jΔμμj, which along with

ðμe − μνeÞ − ðμμ − μνμÞ ¼ 0 for chemical equilibrium [see

Eqs. (10c) and (10d)], givesΔμμ ∼ Δμνμ . For the conditions

in the PNS, the increase of Yμ with μμ is much steeper than

that of Yνμ
with μνμ because of the muon rest mass (see

Fig. 6). Therefore, the modest increase of Yνμ
mainly due to

FIG. 4. Similar to Fig. 3, but for ms ¼ 10 keV and sin2 2θ ¼ 10−12.

ANUPAM RAY and YONG-ZHONG QIAN PHYS. REV. D 110, 043007 (2024)

043007-6



the MSW conversion of ν̄μ into ν̄s gives rise to the

substantial increase of Yμ through chemical equilibrium.

To understand better the dominant production of sterile

neutrinos through the MSW conversion of ν̄μ into ν̄s, we

show the corresponding rate ẎMSW
νμ

for change in Yνμ
as

functions of radius r and time t in the top panels of Fig. 7.

Initially ẎMSW
νμ

increaseswith radius as ν̄μ of higher energy go

through MSW resonances at larger radii (bottom panels of

Fig. 7). The resulting production and escape of ν̄s change Yνμ

directly and alter Yμ, Ye, Yνe
, Yn, and Yp through chemical

equilibrium. Consequently, the potential V ν̄ is changed,

which in turn affects the subsequent MSW conversion of ν̄μ
into ν̄s. These feedback effects are clearly shown in Fig. 7. At

the same radius, the resonant energy ER ≈ δm2=ð2V ν̄Þ
increases with time, mostly due to the increase of Yμ

and hence decrease of V ν̄ ∼

ffiffiffi

2
p

GFnb½ðYn=2Þ − Yμ�. The
evolution of ẎMSW

νμ
is more complicated because it depends

on both the resonant energy and the evolving energy

FIG. 5. Evolution of the chemical potentials μe, μνe , μμ, and μνμ as functions of time t for the zone at r ¼ 14.1 km. The left (right)

panel shows the results forms ¼ 7.1ð10Þ keV and sin2 2θ ¼ 7 × 10−11ð10−12Þ. Chemical equilibrium among the relevant particles gives

ðμe − μνeÞ − ðμμ − μνμÞ ¼ 0.

FIG. 6. Net number fractions Yμ (left panel) and Yνμ
(right panel) as functions of chemical potentials μμ and μνμ , respectively, for the

zone at r ¼ 14.1 km with T ¼ 28.9 MeV and ρ ¼ 9.99 × 1013 g cm−3. The solid points indicate the values at tpb ¼ 1 and 1.1 s from the

calculations without diffusion of Yνe
and Yνμ

forms ¼ 7.1 keV and sin2 2θ ¼ 7 × 10−11. Because of the muon rest mass, the increase of

Yμ with μμ is much steeper than that of Yνμ
with μνμ . Therefore, similar increases of μμ and μνμ due to chemical equilibrium result in an

increase of Yμ much larger than that of Yνμ
.
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distribution of ν̄μ (due to the change of μνμ). The general

tendency is that ẎMSW
νμ

decreases with time, i.e., the feedback

of νμ-νs and ν̄μ-ν̄s mixing tends to turn off such mixing

(e.g., [28,32,35]). While the cases of ms ¼ 7.1 and 10 keV

are similar, the relevant resonant energy is higher (due to

a higher δm2), and the corresponding MSW conversion

is less adiabatic (mostly due to a much smaller sin2 2θ)

for the latter. Consequently, the evolution of Yμ is signifi-

cantly different for the two cases (the differences in the

evolution of Yνe
and Yνμ

are also noticeable; see Figs. 3

and 4).

V. DISCUSSION AND CONCLUSIONS

We have presented the effects of νμ-νs and ν̄μ-ν̄s mixing

with δm2
∼ 102 keV2 in the PNS. In addition to the

obvious feedback on the νμ lepton number, we have

included for the first time, the feedback on the composition

of the PNS. For our adopted mixing parameters, which are

consistent with current constraints, we find that sterile

neutrinos are dominantly produced through the MSW

conversion of ν̄μ into ν̄s. This production and the sub-

sequent escape of ν̄s increase the νμ lepton number, which

in turn enhances muonization mainly through νμ þ n →

pþ μ− and changes the number fractions Ye, Yνe
, Yp, and

Yn through chemical equilibrium.

In our adopted CCSN model [38], Yμ reaches the

peak value of 0.0566 at r ¼ 8.97 km at tpb ¼ 1 s with

standard physics. By including νμ-νs and ν̄μ-ν̄s mixing with

δm2
≈m2

s ∼ 102 keV2, we have shown that enhanced muo-

nization occurs in thatmodel at larger radii (r ∼ 12–14.7 km)

beyond the original peak of Yμ (Figs. 3 and 4). This

FIG. 7. Evolution of the rate ẎMSW
νμ

and the resonant energy ER as functions of radius r and time t for the MSW conversion of ν̄μ into ν̄s
with ðms=keV; sin

22θÞ ¼ ð7.1; 7 × 10−11Þ (left panels) and ð10; 10−12Þ (right panels). Diffusion of Yνe
and Yνμ

is ignored.
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enhancement is driven by the MSW resonances of ν̄μ with

ER ∼ 4–10 (8–20) MeV for ms ¼ 7.1 (10) keV (Fig. 7).

We have ignored diffusion of Yνe
and Yνμ

in our

calculations. Based on our adopted CCSN model with

standard physics but with detailed treatment of such

diffusion, the PNS is contracting between tpb ¼ 1 and

1.25 s, and the resulting change in the density profile and

more importantly, that in the temperature profile are

most likely the dominant factors driving the evolution of

composition profiles (see Fig. 2). However, changes of Yνe
,

Yνμ
, and especially Yμ found in our calculations (assuming

fixed temperature and density profiles over a duration of

0.1 s) are qualitatively different from those in the CCSN

model with standard physics (see Figs. 3 and 4). Further,

in the region of r ∼ 12–14.7 km, the increase of Yμ

obtained from our calculations quantitatively exceeds the

corresponding change in the standard CCSN model.

Therefore, we regard enhanced muonization as a qualita-

tively robust result from νμ-νs and ν̄μ-ν̄s mixing with

δm2
∼ 102 keV2 in the PNS, and expect that it still occurs

when such mixing is incorporated in CCSN simulations.

Such self-consistent simulations should be carried out to

assess quantitatively the effects discussed here.

We have chosen to study the epoch of tpb ≈ 1 s because

the corresponding temperature and density profiles change

so slowly that we can ignore such changes when studying

the effects of νμ-νs and ν̄μ-ν̄s mixing for a duration of 0.1 s.

On the other hand, the PNS conditions do not differ greatly

for tpb ∼ 0.4–2 s, and the conditions at tpb ∼ 0.1 s are also

not qualitatively different, which suggests that our results

can be extended to earlier and later times. With the help of

muonization, neutrino-driven explosion occurs at tpb ∼

0.24 s in our adopted CCSN model [38]. We expect that

when νμ-νs and ν̄μ-ν̄s mixing with δm2
∼ 102 keV2 is

included in CCSN simulations, enhanced muonization

similar to that found here would occur at the explosion

epoch, potentially making the explosion easier. However,

due to the intrinsically dynamic nature of the explosion, a

definitive conclusion can only be reached by implementing

such mixing in CCSN simulations.

Subsequent to the explosion, cooling of the PNS by

active neutrino emission lasts up to ∼10 s. Active neutrinos

emitted from the PNS drive winds (e.g., [44]) that may be an

important source for heavy element nucleosynthesis

(e.g., [45]). Further, this nucleosynthesis may be affected

by collective oscillations of active neutrinos (see, e.g., [46]

for a recent review) that are sensitive to the net lepton number

carried by νμ and ν̄μ fluxes [47].With enhancedmuonization

due to νμ-νs and ν̄μ-ν̄s mixing in the PNS, we expect that a

significant net νμ lepton number is emitted from the PNS, but

note that the quantitative characteristics of active neutrino

emission can only be obtained by including such mixing in

CCSN simulations. We will explore the implications of

enhanced muonization for the CCSN dynamics and collec-

tive neutrino oscillations in future works.
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APPENDIX: CHARGED-CURRENT WEAK

REACTION RATES

Under the so-called elastic approximation (the nucleons

carry the same momentum), the rate for νe þ n → pþ e− is

given by

Γνen
¼ 1

nbYn

Z

∞

0

p2dp

π2
fnðEnÞ½1−fpðEpÞ�

×

Z

∞

0

E2
νe
dEνe

2π2
fνeðEνe

Þ½1−fe−ðEe−Þ�σνenðEe−Þ; ðA1Þ

where

σνenðEe−Þ ¼
G2

F

π
cos2θcðf2 þ 3g2ÞEe−pe− ðA2Þ

is the cross section, θc denotes the Cabibbo angle with

cos2 θc ≈ 0.95, f ¼ 1 and g ≈ 1.27 are weak coupling

constants,

fαðEαÞ ¼
1

exp½ðEα − μαÞ=T� þ 1
ðA3Þ

is the occupation number of species α with α ¼ n, p, νe,
and e−, and the chemical potential μα includes the rest mass

mα of the species. In the above equations,

En;p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2 þ ðm�
n;pÞ2

q

−m�
n;p þmn;p þUn;p; ðA4Þ

Ee− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
e− þm2

e

q

ðA5Þ

¼ Eνe
þmn −mp þ Un −Up; ðA6Þ

where for example, m�
n and Un are the effective mass and

potential, respectively, for neutrons in the PNS (e.g., [46]).

The rate Γνμn
for νμ þ n→ pþ μ− can be obtained by

replacing quantities for νe (e
−) with those for νμ (μ

−) in the

equations for Γνen
.
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The rate for ν̄e þ p → nþ eþ is given by

Γν̄ep
¼ 1

nbYp

Z

∞

0

p2dp

π2
fpðEpÞ½1 − fnðEnÞ�

×

Z

∞

Eth
ν̄e

E2
ν̄e
dEν̄e

2π2
fν̄eðEν̄e

Þ½1 − feþðEeþÞ�σν̄epðEeþÞ;

ðA7Þ

where σν̄epðEeþÞ can be obtained by replacing Ee− (pe− )

with Eeþ (peþ) in Eq. (A2) for σνenðEe−Þ,

Eeþ ¼ Eν̄e
þmp −mn þ Up − Un; ðA8Þ

and Eth
ν̄e

corresponds to Eeþ ¼ me. Note that in the

occupation number fᾱðEᾱÞ for an antiparticle ᾱ, the

chemical potential is μᾱ ¼ −μα.

The rate Γν̄μp
for ν̄μ þ p → nþ μþ can be obtained by

replacing quantities for ν̄e (e
þ) with those for ν̄μ (μ

þ) in the
equations for Γν̄ep

.

By detailed balance, the rates for eþ þ n → pþ ν̄e,

μþ þ n → pþ ν̄μ, e− þ p → nþ νe, and μ− þ p →

nþ νμ are given by

Γeþn ¼
Yp

Yn

Γν̄ep
exp

�

μνe þ μn − μp − μe

T

�

; ðA9Þ

Γμþn ¼
Yp

Yn

Γν̄μp
exp

�

μνμ þ μn − μp − μμ

T

�

; ðA10Þ

Γe−p ¼ Yn

Yp

Γνen
exp

�

μe þ μp − μn − μνe
T

�

; ðA11Þ

Γμ−p ¼ Yn

Yp

Γνμn
exp

�

μμ þ μp − μn − μνμ

T

�

: ðA12Þ

The exponential factors in the above equations reduce to

unity when the relevant particles are in chemical equilib-

rium. We have checked that the charged-current weak

reaction rates are sufficiently fast, and therefore, chemical

equilibrium is achieved to very good approximation.
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