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Abstract. Complementary to high-energy experimental efforts, indirect astrophysical searches of
particles beyond the standard model have long been pursued. The present article follows the latter
approach and considers, for the first time, the self-consistent treatment of the energy losses from dark
flavored particles produced in the decay of hyperons during a core-collapse supernova (CCSN). To this
end, general relativistic supernova simulations in spherical symmetry are performed, featuring six-
species Boltzmann neutrino transport, and covering the long-term evolution of the nascent remnant
proto-neutron star (PNS) deleptonization for several tens of seconds. A well-calibrated hyperon
equation of state (EOS) is therefore implemented into the supernova simulations and tested against
the corresponding nucleonic model. It is found that supernova observables, such as the neutrino
signal, are robustly insensitive to the appearance of hyperons for the simulation times considered
in the present study. The presence of hyperons enables an additional channel for the appearance of
dark sector particles, which is considered at the level of the Λ hyperon decay. Assuming massless
particles that escape the PNS after being produced, these channels expedite the deleptonizing PNS
and the cooling behaviour. This, in turn, shortens the neutrino emission timescale. The present study
confirms the previously estimated upper limits on the corresponding branching ratios for low and
high mass PNS, by effectively reducing the neutrino emission timescale by a factor of two. This is
consistent with the classical argument deduced from the neutrino detection associated with SN1987A.
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1 Introduction

Massive stars end their lifes in the event of a CCSN, when the stellar core collapses due to pressure
losses from electron captures on protons bound in iron-group nuclei and the photodissociation of
nuclei. The core collapse halts when the density exceeds the normal nuclear density, and the stellar
core bounces back with the formation of a shock wave. The initial propagation of this bounce shock
leads to the release of a νe-burst when reaching the neutrinospheres of the last inelastic scattering.
The associated energy loss, in combination with the energy loss due to the photodissociation of the
still infalling matter onto the expanding dynamic bounce shock, causes the latter to stall and turn into
an accretion shock. Revival of this standing accretion shock is considered the CCSN explosion engine
(for recent reviews, c.f. Refs. [1, 2] and references therein).

Most of the gravitational binding energy gain is stored in the central compact PNS, in the
magnetic-rotational energy [3], as well as in thermal degrees of freedom and neutrinos of all flavours,
on the order of several 1053 erg. Hence, the neutrino-heating mechanism for shock revival, first
proposed in Ref. [4], has long been studied in modern CCSN simulations. These are based in multi-
dimensional neutrino radiation hydrodynamics featuring neutrino transport, where in the presence of
multi-dimensional hydrodynamics phenomena, such as convection and hydrodynamic instabilities,
the neutrino-heating efficiency increases, compared to spherically symmetric CCSN models, which
therefore generally fail to yield CCSN explosions. There are two exceptions, (i) low-mass stellar
progenitors in the zero-age main sequence (ZAMS) mass range of 8–10 M⊙ [5–7] as well as ultra-
stripped stellar progenitors that result from binary evolution [8], and (ii) CCSN explosions triggered
due to a sufficiently strong first-order phase transition from normal nuclear matter to the quark-gluon
plasma at high baryon density (c.f. Refs. [9–14] and references therein).

The latter CCSN explosion mechanism relates to one of the largest uncertainties in CCSN
modelling, namely, the state of matter under CCSN conditions, i.e. at high baryon density, in excess of
saturation density, large isospin asymmetry given by the hadronic charge density (the proton abundance
in the absence of other charged hadronic resonances, on the order of Yp = 0.05−0.6) and temperatures
on the order of several tens of MeV (for a recent review of the role of the EOS in simulations of CCSN,
see Ref. [15]). Besides the QCD deconfinement phase transition, which has lately been explored
extensively also in the context of binary neutron star mergers [16, 17], the impact of hadronic degrees

– 1 –



of freedom has been studied in the context of failed CCSN in Refs. [18–20], even though the potential
impact of strange, as well as non-strange hadronic degrees of freedom has long been studied for
neutron stars (see recent reviews [21–24] and references therein.) Thereby, particular emphasis has
been placed on the hyperon puzzle, which is the related to the softening of the supersaturation density
EOS due to the presence of additional, heavy hadronic degrees of freedom, potentially violating
the maximum neutron star mass constraint of about 2 M⊙, the latter was derived from observations
of massive pulsars [25–27, 27–29]. Several possible solutions have been widely discussed in the
literature. Among them, it has been put forward an early onset of the quark-hadron deconfinement
phase transition at densities below which strange hadronic resonances would appear, or the existence
of much more repulsive hadronic interactions at high baryon densities. However, hyperon-nucleon
and hyperon-hyperon interactions are less understood than nucleon-nucleon interactions, due to the
sparse knowledge of scattering data. This makes their potentials poorly constrained and dynamics
far from understood (c.f. Ref. [30] and references therein). The theoretical understanding has been
brought forward solve the problem of thermal production of hyperons at low baryon density for
heavy-ion physics based on the coupled channel approach (c.f. Refs. [31–33] and references therein)
and furthermore, final-state interaction analyses [34–37] as well as femtoscopy studies (see Ref. [38]
for a review and references therein) have become available as well as data on hypernuclear structure
[39–41].

Due to the poorly known hyperon EOS at high baryon density, effective hyperonic model EOS
have long been employed in astrophysical studies, e.g., based on the relativistic mean-field approach
that treats the unknown interactions via baryon-meson couplings. The present article implements
the FSU2H∗ hyperonic relativistic mean field model in simulations of CCSN, focusing on the PNS
deleptonization phase, i.e. the evolution after the CCSN explosion onset has been triggered during
which the nascent PNS deleptonizes via the emission of neutrinos of all flavors on a timescale of
10 seconds. This phase is ideal for studying the impact of hadronic physics as the central density
increases continuously as a consequence of the deleptonization.

The requirements for multi-purpose EOS for applications of CCSN studies is to cover a large
parameter space. Therefore, the relativistic mean field (RMF) framework has long been developed
(for recent reviews, see Refs. [42, 43] and references therein). Recent reviews of the RMF framework
for hyperon EOS can be fond in Ref. [23, 44]1.

In addition to the impact that hyperons can potentially have in CCSN through the EOS, they can
open potentially new cooling channels with the emission of novel, yet hypothetical, particles from the
interior of the PNS. In particular, if the net energy carried away by these particles is comparable to that
of neutrinos, then significant changes in the neutrino signal are predicted. These can be tested using
the neutrino flux that was observed from SN1987A [47, 48]. Such phenomenology has been studied
extensively in the context of the QCD axions, produced in the stellar plasma by, e.g. nucleon-nucleon
bremsstrahlung [49–55], from pions studied [56] and in simulations [57], and has been extended to
many other “dark-sector” theories predicting the existence of new weakly interacting particles with
mass ≲ O(TPNS) [58–63].

Adding “standard” degrees of freedom in the plasma, on top of nucleons and electrons, can also
extend these analyses, as recently demonstrated for muons (c.f. Refs. [63–67] and references therein),
for pions [56, 57, 68–71], and for hyperons [72–75]. In the case of hyperons, this was studied for
various models that can induce flavor-changing neutral currents, such as the following decays Λ → n
and Λ → γ, where the energy difference between final and initial states is considered to be carried
away by dark bosonic degree of freedom. Therefore, results of spherically symmetric simulations

1Note the existence of the online service CompOSE repository that provides data tables for different state of the art EOS
ready for use in astrophysical applications, nuclear physics and beyond [45, 46].
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were employed without exotic cooling and implementing conventional EOS without hyperons. To
establish limits on these models, the impact of the new dark emission on the dynamics of the CCSN
was neglected, and thermodynamic quantities such as chemical potentials were re-derived by using
interpolation tables of the hyperonic extensions of the EOS used in the simulations (see also Ref. [75]
for a slightly different approach).

A dark sector coupled to quarks can have a rich flavor structure that is subject to strangeness-
changing neutral currents (for reviews, see Refs. [76, 77]). One prototypical example of these dark
flavored sectors is the QCD axion, with non-diagonal flavor couplings, known as “familon”. This
was first predicted in Ref. [78] as a consequence of jointly solving the strong CP and flavor problems,
and was further developed [72, 79–82]. Other examples include the massless dark photon, which
interacts with standard-model fermions only through non-renormalizable operators (see Refs. [83–85]
and references therein) or dark baryons [74]. The latter are neutral fermions with masses of ≈ 1 GeV
endowed with baryon number and that can be part of dark matter, and explain baryogenesis (c.f.
Refs. [86, 87]) and the neutron lifetime puzzle [88]. The self-consistent implementation of hyperons
in CCSN simulations enables us to overcome previous limitations (c.f. Ref. [73] and references
therein), studying the feedback of dark photon production on the supernova dynamics and neutrino
emission.

The paper is organized as follows. In Sec. 2 the RMF framework for reference nucleonic and
hyperonic EOS will be introduced, which is evaluated at selected conditions in Sec. 3, including
finite temperature, and discussed accordingly. CCSN simulations will be launched and evaluated in
Sec. 4. The comprehensive analysis from the impact of dark photons will be provided in Sec. 5 and
the manuscript closes with a summary in Sec. 6.

2 Hyprons within the relativistic mean field framework

The present study of the impact of strange degrees of freedom in CCSN simulations employed the
FSU2H∗ RMF EOS. In this framework, the interactions between the baryons is mediated via the
exchange of virtual mesons, based on the following Lagrangian for baryons LB and mesons Lm,

L =
∑
B

LB + Lm , (2.1)

with

LB = Ψ̄B(iγµ∂
µ − qBγµA

µ −mB + gσBσ + gσ∗Bσ
∗

− gωBγµω
µ − gϕBγµϕ

µ − gρBγµ I⃗B · ρ⃗ µ)ΨB , (2.2)

and
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1
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Table 1. Parameters of the model FSU2H∗. The mass of the nucleon is equal to mN = 939 MeV.
mσ mω mρ mσ∗ mϕ g2σN g2ωN g2ρN κ λ ζ Λω

[MeV] [MeV] [MeV] [MeV] [MeV] [MeV]

497.479 782.5 763 980 1020 102.72 169.53 197.27 4.0014 -0.0133 0.008 0.045

The quantity ΨB represents the baryon Dirac field and mi indicates the mass of particle i, while the
mesons that mediate the interaction between the baryons are two isoscalar-scalar mesons (σand σ∗),
two isoscalar-vector mesons (ω and ϕ), and one isovector-vector meson (ρ). The mesonic strength
tensors are labeled with Ωµν = ∂µων − ∂νωµ, R⃗µν = ∂µρ⃗ν − ∂ν ρ⃗µ, Pµν = ∂µϕν − ∂νϕµ and
Fµν = ∂µAν − ∂νAµ, whereas γµ are the Dirac matrices, gmB labels the coupling of baryon B to
meson m and I⃗B is the isospin operator. We stress that, since we are dealing with charge-neutral
objects in the absence of magnetic fields, the electromagnetic part of the Lagrangian does not play a
role.

In order to determine the EOS of the system, one first needs to obtain the Euler-Lagrange
equations of motion for each particle. Then, a closed set of equations can be obtained by using the
mean-field approximation that allows for the meson fields to be replaced by their expectation values,
as well as by coupling those equations with the weak interaction equilibrium condition and baryon and
charge conservation number equations. The solution of this set fixes the composition of matter and
the values of the meson fields. Finally, from the stress-energy tensor all thermodynamic quantities
can be obtained, such as the pressure and energy density (for details on the set of equations to be
solved, we refer the reader to the Refs. [89–92] and references therein).

We show in the following the explicit form of the effective mass and chemical potential of
the different species, since these are important quantities whose behaviour influences the thermal
evolution in CCSN explosions. The effective mass of a given particle reads as follows,

m∗
B = mB − gBσσ̄ − gBσ∗ σ̄∗ , (2.4)

where the expectation values of the scalar mesons, denoted as σ̄ and σ̄∗, govern their behaviour, while
those of the vector mesons, i.e. ω̄, ρ̄ and ϕ̄, control the different chemical potentials as follows,

µ∗
B = µB − gBωω̄ − gBρI3Bρ̄− gBϕϕ̄ , (2.5)

with the thermodynamic chemical potential µB. We note that the hidden mesons σ∗ and ϕ are coupled
only to particles with non-zero strangeness.

3 Equation of state with hyperons

The different parameters of the FSU2H∗ model are chosen so as to predict an EOS that is compatible
with the constraints coming from heavy ion collisions as well as those obtained from the saturation
properties of nuclear matter and finite nuclei. At the same time the model predicts a maximum neutron
star mass that is above 2.0 M⊙ and a radius about 13 km for canonical neutron stars of 1.4 M⊙ (for
details, see Refs. [89, 90]). This model was then extended to finite temperature [91], whereas more
recently the hyperonic uncertainties have been analyzed for the determination of the masses, radii,
tidal deformabilities and moments of inertia, both at zero and finite temperatures [92]. Indeed, the
FSU2H∗ model is compatible with the tidal deformability extracted from the GW170817 event [93]
as well as the NICER determinations on radii [94–97]. The values of the parameters can be found in
Tables 1 and 3.
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Table 2. Ratios of coupling constants of hyperons to mesons with respect to the nucleonic ones.
Y RσY RωY RρY Rσ∗Y RϕY

Λ 0.6113 2/3 0 0.2812 −
√
2/3

Σ 0.4673 2/3 1 0.2812 −
√
2/3

Ξ 0.3305 1/3 1 0.5624 −2
√
2/3

In the present work we make use of the FSU2H∗ model in two different ways. Firstly, a set of
simulations is performed with the exact FSU2H∗ EOS, and the results of those simulations are referred
as HYPERONS. The results of the second set of simulations, that will be referred as NUCLEONS,
are obtained within the same FSU2H∗ model, but preventing the appearance of hyperons by setting
their masses to infinity. This set is necessary in order to quantify the impact that hyperons have on
the observables.

Figures 1 and 2 illustrate selected quantities of the NUCLEONS EOS (black lines) and HYPER-
ONS EOS (blue lines) at certain conditions, at T = 0 in Fig. 1 and at a constant entropy of s = 3 kB
in Fig. 2, both assuming β-equilibrium. For both cases it becomes evident that HYPERONS EOS is
substantially softer at high densities than NUCLEONS, illustrated by the pressure in the upper left
panels of Figs. 1 and 2. This is a consequence from the lower neutron abundance since the EOS is
dominated by the neutron degeneracy at the high densities explored here (see therefore the hadron
abundances in the upper right panels and note the generally low abundances2 of hyperons Λ, Σ− and
Ξ−). Note also the modified charge neutrality conditions in the presence of hyperons, illustrated via
the electron and muon abundances, Ye and Yµ, respectively, in the lower right panels, together with
the density dependence of the effective masses gap equations (2.4).

The assumption of β-equilibrium results in the condition of equal chemical potentials for
electrons and muons, µe = µµ, once the electron chemical potential exceeds the muon restmass,
µe ≥ mµ = 106 MeV, which was employed here for the calculation of the muon abundances. Note
that this assumption differs from the conditions realized in the CCSN simulations. This discrepancy
has been shown in Ref. [12] that while µµ → µe, this condition can be reached only after more than
30 s post bounce in simulations of the PNS deleptonization and cooling, studied based on the DD2
relativistic mean field EOS, with density dependent meson-nucleon couplings [98]. As a consequence
of this simplification applied here for the calculation of the EOS, the muon abundance is found to
be significantly larger than what we find in the CCSN and PNS simulations that will be discussed in
Sec. 4 below.

The lower right panels in Figs. 1 and 2 also show the effective hadron masses, m∗
i relative to

their vacuum values mi, from which it becomes evident that the neutron mass decreases most rapidly
towards about 15% of its vacuum value at a density of slightly above ρ = 1015 g cm−3, whereas the
effective mass of the Λ is about 50% of its vacuum value at the same density. The corresponding
chemical potentials are shown in the lower left panels of Figs. 1 and 2. At zero temperature, hyperons
are strictly suppressed when their effective chemical potentials, shown in the lower left panel in Fig. 1,
are below their respective restmasses, while at finite temperature, shown in Fig. 2, this condition does
not apply any longer.

2In the case of particles with baryon number equal one, abundances Yi and mass fractions Xi are identical, defined
through the partial densities ni = Yi nB with baryon density nB.
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Figure 1. Equation of state at β-equilibrium at T = 0, comparing the HYPERON (blue lines) and the
reference NUCLEON EOS (black lines), showing (from top left to bottom right) the total pressure P , selected
mass fractions Xi, corresponding chemical potentials µi, without restmass mi and the effective masses m∗

i as
well as the abundances of electrons and muons, Ye and Yµ, respectively.

4 Simulations of the PNS deleptonization with hyperons

For the simulations of the PNS deleptonization, the AGILE-BOLTZTRAN spherically symmetric general
relativistic neutrino radiation hydrodynamics model is employed (c.f. Refs. [99–102] and references
therein). It is based on six-species Boltzmann neutrino transport and a complete set of weak interac-
tions (the weak reactions used in the current study, including the references, are listed in Table 1 of
Ref. [103]). We distinguish between µ and τ (anti)neutrinos due to the inclusion of weak reactions
involving muons and antimuons. These include the muonic charged current reactions based on the
full kinematics approach [104] as well as neutrino-(anti)muon scattering. For both of which we are
following the implementation of Ref. [105].

AGILE-BOLTZTRAN has a flexible EOS module that contains the Lattimer & Swesty Skyrme
model [106] as well as the comprehensive RMF EOS catalogue of Ref. [107]. The latter incorporates
the modified nuclear statistic equilibrium (NSE) with several thousand nuclei [108], including excited
state contributions, modeled via temperature dependent statistical weight factors for each nuclear
species. The transition from the modified NSE to homogeneous nuclear matter is taken into account
via a first-order phase transition construction where the nuclear states are suppressed through a
geometric excluded volume approach (for alternative excluded volume functionals, c.f. Ref. [109]
and references therein). In Ref. [107], the excluded volume parameter is chosen to result in the
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Figure 2. Same as Fig. 1 but for finite entropy per baryon of s = 3 kB.

complete disappearance of all nuclei at nuclear saturation density. In the present study, we replace
the supersaturation density phase of the DD2 RMF EOS [98, 107], with density-dependent meson-
nucleon mean-field couplings, with the NUCLEONS and HYPERONS settings from FSU2H*. We
find that this approach, despite its ad hoc nature, results in a smooth transition. EOS contributions
from electrons, positron and photons are implemented based on the routines of Ref. [110].

The inclusion of the HYPERONS EOS is connected with the implementation of the associated
hyperon degrees of freedom, Λ, Σ− and Ξ−, into the AGILE-BOLTZTRAN CCSN model. It concerns
their abundances as well as the single particle properties such as the effective masses, the chemical
potentials and the mean-field potentials, according to the underlying model as was discussed in Sec. 3.
In particular, the latter will become relevant when implementing weak processes involving hyperons,
which, for the present study, are being omitted as the simulation times are limited to O(10 s) when
neutrinos still decouple at lower densities where no hyperons are abundant. This situation will change
towards later times, when neutrinos start to decouple in the regions where hyperons are abundant, such
that the inclusion of weak processes involving hyperons would influence the further deleptonization and
cooling behaviour. Furthermore, the presence of hyperons modifies the charge-neutrality condition,
with the negatively charged hyperons considered, i.e. Ye+Yµ = Yp−YΣ−−YΞ− . Note that the heavier,
neutral hyperons, Σ0 and Ξ0, and the positively charged hyperons, Σ+ and Ξ+, are neglected in the
following discussions, as they are all strongly Boltzmann suppressed under the generally extremely
neutron-rich conditions at highest densities encountered at the PNS interior, i.e. the following
hierarchy applies YΛ > YΣ− > YΞ− as well as YΣ− ≫ YΣ0 > YΣ+ and YΞ− ≫ YΞ0 > YΞ+ .
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(b) 25 M⊙ progenitor

Figure 3. Post bounce evolution of selected central quantities, comparing simulations with the NUCLEONS
(black lines) and HYPERONS (blue lines) EOS showing from left to right, central restmass density ρ, central and
maximum temperatures, Tcentral and Tmax, central electron and muon abundances, Ye and Yµ, and minimum
Ye, and the mass fractions Xi of neutrons (thick solid lines), protons (thick dashed lines) in comparison to the
strange hadrons Λ (thin solid lines), Σ− (thin dashed lines) and Ξ (thin dash.-dotted lines). Note that the latter
are magnified by one order of magnitude for better visibility.

With this enhanced EOS module setup, simulations of CCSN are launched from two progenitor
models, with zero-age main sequence masses of 18 M⊙ and 25 M⊙, both from the stellar evolution
series of Ref. [111]. These stellar progenitors are being evolved through all CCSN phases self
consistently. It is found that up to several 100 ms post bounce, the abundance of hyperons remains
small, below 1%, and no impact could be observed. The simulations with the NUCLEONS and
HYPERONS EOS proceed identically.

Since neutrino-driven explosions cannot be obtained for such massive iron-core progenitors
in spherically symmetric CCSN simulations, we follow closely the procedure outlined in Ref. [6].
Therefore, the electronic charged current weak rates are being enhanced in the gain layer, which
results in the continuous shock expansion and the onset of the CCSN explosion. Once the shock
reaches a radius of about 1000 km, we switch back to the standard weak rates, following the later PNS
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Table 3. Encloses PNS baryonic and gravitational masses, MB, and MG, and radius R.
progenitor mass1 [M⊙] EOS M2

B [M⊙] M2
G [M⊙] R2 [km]

18 NUCLEONS 1.543 1.435 14.18
18 HYPERONS 1.558 1.450 14.09
25 NUCLEONS 1.942 1.792 14.84
25 HYPERONS 1.938 1.791 14.45

Notes.
1 models from the stellar evolution series of Ref. [111]
2 Evaluated at ρ = 1010 g cm−3 at about 10 s post bounce

deleptonization. A similar procedure has been employed in Ref. [112] for a large sample of CCSN
explosion models for various different progenitors at different metalicities.

The post-bounce evolution of the four models is illustrated in Fig. 4, for 18 M⊙ and 25 M⊙ model
in Figs. 3(a) and 3(b), respectively, distinguishing the NUCLEONS (black lines) and HYPERONS
(blue lines) EOS. Once the supernova explosion proceeds with the shock revival, mass accretion
ceases and the enclosed baryon masses change only marginally, which is the ejection of the neutrino
driven wind, initially on the order of 10−3 M⊙ s−1 and later substantially lower with 10−4 M⊙ s−1.
The resulting PNS masses of the two sets of simulations are listed in Table 4 for both NUCLEONS and
HYPERONS runs. These values are evaluated at the restmass density of 1011 g cm−3 at about 10 s post
bounce. The larger PNS masses for the more massive progenitor are due to the higher post-bounce
mass accretion rates for the 25 M⊙ progenitor models, in particular during the early post-bounce
phase, i.e., before the shock revival, as is illustrated in the bottom panel of Fig. 4, showing the mass
accretion rate ṀPNS, as well evaluated at ρ = 1011 g cm−3. The top panel illustrates the different
PNS radii, RPNS, and their evolution for all simulations with the NUCLEONS and HYPERONS EOS
under investigation, showing the slightly faster contraction of the HYPERONS PNS due to the softer
supersaturation density behaviour.

Only after several seconds, in both simulations, differences due to the inclusion of hyperons
arise. These differences are best seen by the evolution of the central densities, shown in the left panels
of Figs. 3(a) and 3(b), where the simulations based on the HYPERONS EOS reach significantly
higher values than the ones with NUCLEONS. This EOS softening is due to the continuous rise of the
hyperon abundances for Λ, Σ− and Ξ−, shown in the right panels. Note that these hyperons are absent
for the NUCLEONS simulations. The first hyperons which appear are Λ’s, due to the lowest mass (see
Figs. 1 and 2), already at a density slightly in excess of nuclear saturation density, i.e. already during
the early post-bounce evolution prior to the supernova explosion onset. However, the abundance of Λ
remains low, on the order of YΛ ≃ 0.001− 0.025 for the for 18 M⊙ model and YΛ ≃ 0.01− 0.07 for
the for 25 M⊙ model. The latter reach higher abundances because of the generally higher densities
and temperatures reached at the central fluid elements in the simulations. Note therefore the different
evolution of the central and maximum temperatures in Figs. 3(a) and 3(b). The abundances of the
other hyperons, Σ− and Ξ−, remain about one order of magnitude lower than those of Λ, in both
simulations.

Another difference between the runs with NUCLEONS and HYPERONS is the feedback to the
nucleons. As was already discussed in Sec. 3, in particular the abundance of neutrons is reduced due
to the appearance of Λ. This phenomenon is observed consistently on the CCSN simulations too.
The neutron abundances are shown in the right panels of Figs. 3(a) and 3(b). The reduced neutron
abundance in addition softens the high-density EOS, which is governed by neutrons with a dominating
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Figure 4. Post bounce evolution of the PNS radius RPNS (top panel) and mass accretion rate Ṁ |PNS (bottom
panel), both evaluated at a selected restmass density of ρ = 1011 g cm−3, comparing the 18 M⊙ simulations
for NUCLEONS (black solid lines) and HYPERONS (light blue dashed lines) and the 25 M⊙ simulations also
for NUCLEONS (dark grey solid lines) and HYPERONS (dark blue dashed lines).

abundance of Yn ≃ 0.75 − 0.7. As a consequence of the different hadronic abundances, in order to
obey the condition of charge neutrality, there is a feedback to the electron and muon abundances. In
particular, the central muon abundance is reduced substantially for the massive 25 M⊙ model. Note
also that the central muon abundance is substantially lower and that the central electron abundance
is substantially higher than in the EOS discussion in Sec. 3, where β-equilibrium was assumed. The
observed difference of the electron and in particular the muon abundances are a consequence of the
lower central temperatures obtained for the simulations based on the HYPERONS EOS (see Fig. 4),
since the muons are produced thermally through the muonic charged current processes.

Despite the differences obtained at the PNS interior, structure and stability of the PNS are not
affected by the presence of hyperons. This is partly related to the conditions for the appearance of
hyperons, which in turn gives rise to finite hyperon abundances, in particular Λ only at the very
central fluid elements in the simulations. As a consequence, the locations of the neutrinospheres are
not affected by the presence of hyperons and hence the neutrino luminosities and average energies are
indistinguishable between the two runs NUCLEONS and HYPERONS, for both intermediate-mass
18 M⊙ model, shown in Figs. 5(a) and 5(c), and high-mass 25 M⊙ model, shown in Figs. 5(b) and
5(d). The evolution of the neutrino luminosities and average energies shown in Fig. 5 are sampled in
the co-moving frame of reference at a distance of 500 km.
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(b) 25 M⊙ luminosities
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(c) 18 M⊙ average neutrino energies
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(d) 25 M⊙ average neutrino energies

Figure 5. Post bounce evolution of the neutrino luminosities and average energies for the two sets of
simulations launched from 18 M⊙ (left panel) and 25 M⊙ progenitors (right panel), comparing in addition
to the NUCLEONS (black lines) and HYPERONS (blue lines) EOS also those with the inclusion of losses
through the emission of dark sector bosons X0, denoted as HYPERONS∗ (orange lines). The luminosity in
graphs (a) and (b) distinguish the total neutrino luminosity (top panels, solid lines) in comparison to the dark
sector particle, denoted as X0 (dashed lines), electron flavors (middle panels) and heavy lepton flavors (bottom
panel). The average neutrino energies in graphs (c) and (d) show the νe (solid lines), ν̄e (dash dotted lines) and
νµ/τ (dashed lines) as representative for all heavy lepton flavors.

5 Dark flavored sectors during PNS deleptonization

The results including the dark flavored sector are based on the same HYPERON EOS and will be
henceforth denoted as HYPERONS∗, which will be discussed in this section. To investigate the
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impact of a dark flavored sector in CCSN, we need to estimate the emissivity in the new channels. We
assume that the emitted particles are massless (i.e. their mass is much smaller than TPNS) and that
the interactions are such that their mean free path is much larger than the radius of the PNS. These
particles will then freely stream out of the PNS once they are produced in its core.

5.1 Dark flavored emissivity

For concreteness, in the following we will focus on the emission of neutral dark bosons X0, such as an
axion or dark photon, produced by the flavor-violating transition s → d +X0. This is parametrized
by the following Lagrangians,

La =
1

2fa
(∂µa) d̄ γ

µ(cVds + cAdsγ5) s + h.c. , (5.1)

Lγ′ =
1

Λ
d̄σµν(cTds + cT5

ds γ5) sF
′
µν + h.c. , (5.2)

where a is the axion field and fa its decay constant and with strange and down quark spinors denoted
as s and d̄, respectively. F ′

µν is the field strength tensor of the dark photon and Λ the energy scale
associated to the UV completion of the effective LagrangianLγ′ , and cV,Ads and cT,T5

ds are dimensionless
(effective) couplings. The main hadronic production mechanism in the PNS induced by Lagrangians
(5.1) and (5.2) will then be Λ → n + X0, whereby decays involving heavier hyperons, such as
Σ+ → p + X0, are suppressed by their lower abundances and neglected in the present analysis.
Following Ref. [72], the spectrum of the energy loss rate of the nuclear medium per unit volume,
denoted as Q, with respect to the X0 energy Ea, in the PNS rest frame and induced by the process
Λ → n+X0 is given by the following expression,

dQ

dEa
=

m2
ΛΓXEa

2π2Ē

∫ ∞

E0

dE fΛ(1− fn) , (5.3)

with Ē = (m2
Λ −m2

n)/2mΛ, E is the energy of the Λ with E0 = mΛ(E
2
a + Ē2)/(2EaĒ) and fΛ,n

are the relativistic Fermi-Dirac phase-space distribution functions of Λ and n. The information of the
transition amplitude is encoded in ΓX , which is the decay rate of Λ → n+X0 in vacuum,

ΓX =
Ē3

aCX

2π
, (5.4)

with Ca = (f2
1 |cVds|2 + g21|cAds|2)/4f2

a , where f1 = −1.22(6) and g1 = −0.89(2) are the vector
and axial-vector baryonic couplings determined in [72], and Cγ′ = 8g2T (|cTds|2 + |cT5

ds |2)/Λ2, where
gT ≈ −0.73 is the baryonic tensor coupling [further details can be found in 73, and references therein].

The total emission rate can be estimated analytically by taking the nonrelativistic limit of the
baryons, expanding to leading order in δ = (mΛ − mn)/mn and neglecting the neutron’s Pauli
blocking [72]. Expressed in terms of the emissivity, ϵ = Q/ρ, one obtains the following result,

ϵ ≈ δ XΛτ
−1
Λ BR(Λ → nX0) , (5.5)

where XΛ is the abundance of Λ and where we have re-expressed the decay width in terms of the
lifetime, τΛ, and the branching fraction of the decay, BR. Adopting the classical upper limit of the
emissivity, ϵmax = 1019 erg s−1 g−1, from SN1987A at the conditions of the PNS predicted at about
1 second post-bounce, one obtains,

ϵ ≈ ϵmax

(
XΛ

0.01

)(
1.6× 10−9

BR(Λ → nX0)

)
. (5.6)
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This leads, for a characteristic Λ abundance of 1%, to an upper limit of the branching fraction in
the range of 10−9, which overestimates the conservative limit by a factor ≈ 5, which was obtained
using the full expression in Eq. (5.3) and state-of-the-art spherically symmetric simulations reported
in Ref. [64]. Nevertheless, this upper bound is many orders of magnitude stronger than those that
can be obtained from laboratory experiments, and, as was found in Refs. [72, 73], it leads to the
strongest constraint on the axial couplings of the flavored QCD axion and on the massless dark photon
couplings. In addition, as discussed in Ref. [73], in the case of Λ processes one would still produce a
too large emission in the deep trapping regime as the dark sector luminosity would stem from the last
surface where Λ’s can coexist in equilibrium in the plasma and which corresponds to a region of high
temperatures.

5.2 Impact of dark flavored sector on PNS evolution

The non-relativistic emissivity (5.5) is implemented into the AGILE-BOLTZTRAN CCSN model as sink
for the internal energy equation, following the implementation of dark boson losses of Refs. [57, 113].
Here, we use the literature branching ratios of 10−8 for the intermediate-mass 18 M⊙ model and
10−9 for the massive 25 M⊙ model, in accordance with Ref. [73]. It results in enhanced cooling
contributions in the domain where Λ are abundant. This is the case only at the innermost 15–20 km
of the PNS, as is illustrated for both 18 M⊙ and 25 M⊙ models in Fig. 6 for two distinct post-bounce
times of 1 s and 5 s, comparing the three setups NUCLEONS (black lines), HYPERONS (blue lines)
and HYPERONS∗ (orange lines).

At around 1 s (top panels of Fig. 6), the abundance of Λ reach as high as about XΛ ≃ 1× 10−3

at the very center for the 18 M⊙ model and about XΛ ≃ 5 × 10−3 for the 25 M⊙ model. Going
outwards in radius, the abundances rise, following the temperature profile, reaching their peak at
around XΛ ≃ 5 × 10−3 for the 18 M⊙ model and XΛ ≃ 2 × 10−2 for the 25 M⊙ model. Figure 7
shows the corresponding dark photon emissivity (left scale) and luminosity (right scale) profiles. At
around 1 s post bounce, dark sector emissivity and luminosity for the 18 M⊙ model exceed those of
the 25 M⊙. Luminosities reach values of about 1052 erg for the former mode and about 5× 1051 erg
for the latter, which is also illustrated in the corresponding evolution of the dark sector luminosity in
the top panels of Fig. 5. We attribute this to the smaller branching ratio for the 18 M⊙ model, despite
having slightly lower Λ abundances and temperatures. Note also the sharp drop of the emissivities,
after which the luminosities remain constant, which is due to the sudden drop of the Λ abundance
at around 13.75 km for the 18 M⊙ model and at around 14.5 km for the 25 M⊙ model, at 1 s post
bounce. This is roughly to about one-half of saturation density, corresponding to conditions for the
threshold for hyperons to exist within the HYPERON model EOS.

The situation changes during the ongoing PNS deleptonization with the inclusion of the addi-
tional losses due to dark photon emission. The X0 luminosity evolution is illustrated in Fig. 5 (top
panels), from where it becomes clear that the dark-photon losses dominate the cooling at around
1 s post bounce, for both intermediate-mass and high-mass models. However, the excess cooling
results in the rapid drop of the PNS temperature, significantly faster than in the reference HYPERONS
simulations (see the bottom panels of Fig. 6). As a consequence, the reduced temperature results in
lower hyperon abundances, which, in turn cause the dark photon emissivity to drop accordingly. This
is illustrated for the 5 s post-bounce curves in Fig. 7 such that the X0 luminosities in Fig. 5 decrease
below those of the total neutrinos and the later evolution will be determined by the neutrino losses.
However, note that this is the case already at around 3 s post bounce for the intermediate-mass 18 M⊙
model, while only at around 7 s post bounce for the massive 25 M⊙ model. It is related to the generally
higher temperatures and central densities for the latter model, featuring generally higher abundances
of hyperons.
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(a) 18 M⊙: 1 s post bounce
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(b) 25 M⊙: 1 s post bounce
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(c) 18 M⊙: 5 s post bounce
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(d) 25 M⊙: 5 s post bounce

Figure 6. Radial profiles of selected quantities, showing the restmass density ρ (top left panels), temperature T
(top right panels), electron and muons abundances, Ye and Yµ (lower left panels), as well as the mass fractions
for neutrons (n), protons (p) and the hyperons Λ, Σ− and Ξ− (lower right panels), at two different post bounce
times during the PNS deleptnoization, for the two sets of simulations launched from 18 M⊙ (left panels) and
25 M⊙ progenitors (right panels), comparing in addition to the NUCLEONS (black lines) and HYPERONS
(blue lines) EOS also those with the inclusion of X0 losses, denoted as HYPERONS∗ (orange lines).

We note also the feedback from the excess cooling due to X0 emission, namely the more rapid
drop of the neutrino luminosities and average energies, for all flavors, during the PNS deleptonization
phase that is dominated by X0 cooling (see Fig. 5). We observe the reduction of the neutrino emission
timescale by a factor of roughly two for both intermediate-mass and high-mass models.
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(a) 18 M⊙
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(b) 25 M⊙

Figure 7. Radial profiles of the dark particle emissivity ϵ (black solid lines on the left scale) and luminosity L
(grey dashed lines on the right scale) at post bounce times of 1 s and 5 s, corresponding to the HYPERONS∗

run, for which the conditions are shown in Fig. 6.

6 Summary and conclusions

Novel hyperonic EOS are studied in simulations of CCSN in spherical symmetry. These are based
on general relativistic neutrino radiation hydrodynamics, featuring six-species Boltzmann neutrino
transport. Particular emphasis has been put on the role of hyperons, which have long been studied in
the context of cold neutron stars, where it has been speculated that the super-saturation density EOS
softens due to the appearance of these additional and heavy degrees of freedom. In the context of
CCSN studies, hyperons have so far only been taken into account in failed CCSN explosion studies
that result in the formation of black holes [18–20], however, based on hadronic EOS with a limited set
of hyperons. The focus of the present article is on the long-term evolution of neutrino-driven CCSN
explosions, i.e. the deleptonization and later cooling phases of the nascent PNS, based on hadronic
EOS including a comprehensive set of hyperons that include, Λ, Σ0,± and Ξ0,±. The FSU∗ hyperon
EOS employed in the present study is based on the RMF framework [91, 92] with meson-nucleon
coupling constants selected to reproduce nuclear matter and finite nuclei properties, to fulfill certain
constraints of high dense matter coming from heavy-ion collisions as well as to be consistent with the
observation of massive 2 M⊙ pulsars.

The results differ from those reported in the comprehensive CCSN hyperon EOS study of
Ref. [114] in various ways. The largest difference arises due to the implementation of larger sample
of hadronic states in the present paper. These modify the charge neutrality condition such that
Ye + Yµ ̸= Yp, which is the case in Ref. [114] where no charged hyperons were considered. A
second difference is related to the onset densities for the appearance of hyperons, which is the case at
somewhat higher densities in Ref. [114], and the abundance of hyperons is significantly higher than
for the present HYPERONS EOS. In particular, in Ref. [114] the abundance of Λ hyperons exceeds
those of the neutrons at high baryon densities on the order of 1015 g cm−3, even at low temperatures
on the order of 1− 10 MeV.

In the CCSN simulations, the appearance of hyperons leaves a negligible impact on both the
PNS structure during the entire early post-bounce evolution prior to the supernova shock revival
and subsequent explosion onset. The reason is related to the generally low abundance of hyperons.
The high-density EOS is dominated by the protons and neutrons. This situation changes only after

– 15 –



several seconds, during the long-term PNS deleptonization evolution, when the central density rises
continuously such that also the abundances of hyperons increase. However, even for massive PNS,
on the order of about 2 M⊙, the abundance of Λ hyperons never exceeds more than few percent
while the abundances of all heavier hyperons remain substantially lower, on the order of less than
one percent. On the timescales considered here, on the order of several tens of seconds, the impact
from the presence of hyperons on the PNS evolution remain negligible. CCSN observables, such as
the neutrino signal, are hence insensitive to the composition at super-saturation density, explored in
the present study within a RMF model and neglecting possible contributions to the weak interactions.
In particular, the latter assumption becomes invalid once neutrinos start to decouple in the hyperon
phase. This, however, has not been the case for the entire CCSN simulations under investigation.

The implementation of the Λ hyperon in the CCSN simulations enables us to study the impact
of a possible dark sector. These arise from the flavor-violating transition of strange quarks into down
quarks, taken into account here from the decay of Λ hyperon into neutron via the emission of dark
bosonic degrees of freedom. Other decays, such as that of Σ+ are neglected due to their generally low
abundances under the conditions of high isospin asymmetry encountered at the interior of the PNS.

The excess cooling imposed by the inclusion of dark losses in the CCSN simulations results in a
qualitative different evolution, in particular during the long-term PNS deleptonization phase when the
abundance of Λ hyperons reaches their maximum. It is assumed that these massless particles escape
the star once upon production. Possible re-scattering is omitted, which is consistent with the small
couplings to the dark sector we are considering [c.f. 73]. As a consequence, the PNS deleptonizes
on a shorter timescale due to the different thermal evolution. As a feedback, similar as has been
reported for the case of axion cooling (c.f. Ref.s [53, 57, 113]) in the case of light axions from QCD
processes, we find that the the neutrino emission timescale is reduced by roughly a factor of two.
This is consistent with the argument of Ref. [48], confirming both values of the branching ratios,
10−8 for the low mass and 10−9 for the high mass models, as limiting cases corresponding to the
intermediate-mass and high-mass PNS models of about 1.6 M⊙ and 2.0 M⊙, respectively. We explore
these two cases at the level of neutrino-driven CCSN explosions of 18 M⊙ and 25 M⊙ progenitors
from the stellar evolution series of Ref. [111], which result in remnant PNS masses of about 1.6 M⊙
and 2.0 M⊙ with lower central density and hence lower Λ abundance for the former and the opposite
for the latter models.

It has to be emphasised that the entire analysis, both comparing nucleonic and hyperonic EOS
in CCSN simulations as well as the impact of associated dark sector cooling, is entirely model EOS
dependent. The present analysis of the impact of dark photon losses in CCSN is dominated by the
phase space ofΛ and the neutron degeneracy, which in turn are determined by the underlying hyperonic
model. EOS with a quantitative different high-density behaviour of the strange degrees of freedom,
e.g., featuring a lower(higher) abundance of Λ, will resemble also a lesser(stronger) impact on the
excess dark cooling as is reported in the present article. All of these uncertainties can be related to the
fact that the two-body and three-body interactions involving hyperons are poorly known. This is due to
the fact that the available scattering data are still scarce and subject to quite large error bars, although
promising results are becoming available from final-state interaction analyses and femtoscopy studies
[34–38]. Also, data on hypernuclear structure can provide indirect information about the hyperon
nuclear forces [39–41]. Moreover, advances can be anticipated on the experimental determination of
two-body and three-body interactions involving hyperons and nucleons, e.g. at J-PARC, LHC or the
future FAIR facility.

Another simplification applied here is related to the assumption of chemical equilibrium for
strangeness imposing equal chemical potentials, e.g., of neutrons and Λ hyperons. On the other hand,
the CCSN timescales, e.g., weak interactions, mass accretion and diffusion, might be potentially on the
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same order of magnitude as the timescale for hyperons to appear, however, through weak processes.
In other words, chemical equilibrium between strange and non-strange hadrons might not be fulfilled,
similar as the condition of weak equilibrium is not fulfilled for muons for simulation times on the
order of more than 30 s of the PNS deleptonization phase, as was shown in the Appendix of Ref. [57].
This requires the implementation of non-equilibrium methods in order to solve for the problem of
strangeness in CCSN, whihc we leave for future explorations.
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