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Abstract The nature of core-collapse supernova (SN)
explosions is yet incompletely understood. The present arti-
cle revisits the scenario in which the release of latent heat due
to a first-order phase transition, from normal nuclear matter
to the quark—gluon plasma, liberates the necessary energy
to explain the observed SN explosions. Here, the role of the
metallicity of the stellar progenitor is investigated, comparing
a solar metallicity and a low-metallicity case, both having a
zero-age main sequence (ZAMS) mass of 75 Mg . It is found
that low-metallicity models belong exclusively to the failed
SN branch, featuring the formation of black holes without
explosions. It excludes this class of massive star explosions
as possible site for the nucleosynthesis of heavy elements at
extremely low metallicity, usually associated with the early
universe.

1 Introduction

All stars more massive than about 8§ times the mass of the
sun (M) end their life as a core-collapse SN. These events
belong to the most powerful outbursts in the modern universe,
where most of the energy is carried in the form of neutrinos.
SN explosions are associated with the revival of the stalled
bounce shock. The latter forms when the collapsing stellar
of a massive star reaches central densities slightly in excess
of normal nuclear matter density (pgar =~ 2.5 X 104 g cm ™3,
equivalent 0.15 fm~3 in nuclear units), when the short-range
repulsive nuclear force balances gravity such that the col-
lapsing core bounces back. The extreme conditions reached
at the SN interior, supersaturation densities and temperatures
on the order of 10-50 MeV as well as large neutron excess
given by the electron abundance of Y, = 0.01 — 0.3, make
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the core-collapse SN ideal high-energy nuclear and particle
physics laboratories [1].

Several SN explosions scenarios, i.e. the liberation of
energy from the nascent compact central hot and dense
object—the proto-neutron star (PNS)—to the bounce shock
have been proposed; the magneto-rotational mechanism [2]
and the presently considered standard neutrino-heating
mechanism [3]. The latter, however, requires multi-dimen-
sional simulations where the neutrino heating efficiency
increases in the presence of convection and hydrodynamics
instabilities, to obtain massive star explosions for iron-core
progenitors more massive than about 9 Mg [4,5]. The excep-
tions are the slightly less massive progenitors in the zero-
age main sequence mass range of 8-9 Mg, [6-8], for which
neutrino-driven SN explosions can be obtained in spherical
symmetric simulations.

The present article focuses on an additional SN explosion
mechanism. It is related to the energy, more precisely latent
heat release, due to a first-order phase transition from nor-
mal nuclear matter to the quark—gluon plasma at high den-
sity [9-11]. First principle calculations of Quantum Chro-
modynamics (QCD), the theory of strong interactions with
quarks and gluons as the degrees of freedom, are only possi-
ble at vanishing baryon densities, where the QCD equations
are solved numerically being mapped onto a space-time lat-
tice. These computations predict a smooth cross-over tran-
sition at a pseudo-critical temperature in the range of 150—
160 MeV [12-14]. At finite and high baryon density, phe-
nomenological quark-matter models have commonly been
employed in astrophysical studies of compact stellar objects.

The classical but simplistic quark-bag model EOS [15]
has been the foundation in the core-collapse SN study of
Ref. [11]. It is based on the equation of state (EOS) of non-
interacting quarks, shifted by a constant bag pressure. One
of the most striking problems for this class of quark-matter
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hybrid EOS in applications to astrophysical studies, featur-
ing hot and dense matter, is the difficulty to obtain maxi-
mum neutron star masses compatible with the current obser-
vational constraint of about 2 Mg [16—19]. This caveat has
been overcome recently, with the introduction of repulsive
quark-matter interactions [20-22], providing sufficient stiff-
ness with increasing density. The extension to finite temper-
atures and arbitrary isospin asymmetry is seemingly trivial
for the class of quark-bag model EOS [23]. It represents a
challenge for microscopic quark-matter EOS, such as the
Nambu-Jona-Lasinio models [24-26] as well as Schwinger—
Dyson models [27-32]. These phenomenological approaches
are applicable to the non-perturbative regime of QCD, how-
ever, they are built on a certain truncation of QCD. Most
importantly, they are lacking confinement. On the other hand,
perturbative QCD is valid only near the limit of asymptotic
freedom, where quarks are no more strongly coupled [33—
35].

The recently developed phenomenological string-flip
quark-matter EOS 1is the foundation of the present work.
It features not only a first-order phase transition from nor-
mal nuclear matter, it is also built on a mechanism for
(de)confinement [22]. It has been extended to arbitrary
isospin asymmetry and finite temperatures [36,37]. With
model parameters selected such that the conditions for the
hadron—quark phase transition to occur at the interior of mas-
sive compact stars, i.e. densities for the onset of quark-matter
on the order of 2-5 X psa¢, one is led to the conclusions that
the associated SN explosion mechanism is likely to oper-
ate for the high-mass end of core-collapse SN progenitors,
associated with the ZAMS mass of > 30 Mg [36], whereas
less massive progenitor stars would be subject to other SN
explosion scenarios. Note that also the failed SN branch, in
which a black hole forms instead of an explosion, is consid-
ered within the class of hadron—quark phase-transition SN.
It depends on the compactness, more precisely, on the mass
enclosed inside the PNS at the onset of the hadron—quark
phase transition. If the latter exceeds the maximum mass of
the hadron—quark hybrid EOS, then an explosion is likely to
fail.

The string-flip class of hadron—quark hybrid EOS has also
been the foundation for studies of binary neutron star merg-
ers [38—40]. One of the key goals has been the identification
of a first-order phase transition through possibly observable
signatures, in the neutrino signal from SN and gravitational
waves [41], the latter also in the context of binary neutron
star mergers [74].

One important aspect of the SN explosion scenario driven
by the QCE phase transition is the role of metallicity', which
has not yet been addressed. It strongly affects the evolution of
massive stars through mass loss at the star’s surface occurring

I Astronomers define as metals all elements heavier than helium.
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during the different nuclear burning stages, and hence the
core structure at the onset of core collapse. This article reports
the SN explosion of a very massive ZAMS progenitor star
of 75 Mg of solar metallicity, driven by the hadron—quark
phase transition, in comparison with those launched from a
75 Mg of extremely low metallicity.

The manuscript is organised as follows: In Sect. 2 the
hadron—quark-matter hybrid EOS is revisited. Section 3
reviews briefly the SN model employed in this study together
with a discussion of the stellar progenitors. The SN simula-
tions are discussed in Sect. 4, and the manuscript closes with
the summary and conclusions in Sect. 5.

2 Dense matter equation of state with phase transition

For the present study the reference hadronic DD2F EOS is
implemented. It is a nuclear relativistic mean-field (RMF)
model with density-dependent meson—nucleon couplings [42,
43], which has been modified from the original DD2 RMF
parametrization in order to be consistent with the flow con-
straint [44]. As a consequence, DD2F is slightly softer than
DD2 at densities in excess of saturation density. At low
densities, below the saturation density, and at temperatures
below about 15-20 MeV, nuclear clusters are taken into
account based on the nuclear statistical equilibrium model
of Ref. [45], with several 1000 nuclear species with tabu-
lated and partly calculated nuclear masses. It implements
the dissolving of all clusters through a geometric excluded
volume approach, which can be adjusted to calculations of
in-medium nuclear properties in order to overcome the lim-
itations of the statistical model [46].

The DD2F hadronic EOS has been extended to take into
account a phase transition to the quark—gluon plasma. There-
fore, the string-flip EOS for quark-matter is employed [22]. It
is based on the relativistic density functional (RDF) approach
to quark-matter. The present work uses the parametriza-
tion denoted as RDF 1.2 from the comprehensive catalog of
Ref. [37]2. For the phase-transition construction between the
DD2F hadronic EOS and the string-flip EOS, Maxwell’s con-
dition of phase equilibrium has been applied, i.e kinetic equi-
librium for the pressures with respect to the baryon chem-
ical potential, for fixed temperature, T, and charge chem-
ical potential, pp. The latter is defined as the difference
between proton and neutron chemical potentials, ., and i,
o = Wp — My in the hadronic phase, and as the differ-
ence between up and down chemical potentials, u, and g,
1o = Mu — Mg in the quark-matter phase. Maxwell’s con-
struction results in a jump condition for all thermodynamic
quantities, from the pure hadronic phase to the pure quark-

2 Al EOS of the present study are available at the CompOSE data base
under https://compose.obspm.fr [47].
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Table 1 DD2F-RDF 1.2 hybrid EOS properties, onset density for the
phase transition (ponset ), the density for reaching the pure quark-matter
phase (pfinal), as well as inset neutron star mass (Mopset) and maxi-

mum mass (Mpax) together with the central density of the maximum
mass configuration (ocentral | M,y )» for T = 0 and a constant entropy per
particle of s = 3 kp

DD2F-RDF 1.2 Ponset Pfinal Monset M[lr{l];&F 12 pcentrallMimIX M;EB(ZF
[osat] [osat] Mo] Mol [psat] [psat]

T=0 3.05 3.60 1.37 2.16 7.14 2.09

s =3kp 1.15 3.25 1.44 2.07 7.22 2.17

matter phase. However, for practical purposes in applications
of astrophysical simulations, data are needed in the coexis-
tence region in between. Therefore, a quark-volume fraction
has been employed, with a linear dependence on the baryon
density. Further details can be found in Ref. [37].

The class of string-flip EOS is build on a confining mech-
anism through divergent particle masses towards vanishing
density. It still remains to be shown in how far it matches
the (dynamical) restoration of chiral symmetry. In addition,
in order to obtain sufficient stiffness at high densities, repul-
sive interactions are taken into account. The original string-
flip EOS includes besides linear terms higher-order repul-
sive interactions, which are omitted here in the RDF 1.2 ver-
sion, such that the problem of causality—when the speed of
sound approaches the speed of light—does not occur in the
density range encountered at the interior of compact stellar
objects. The string-flip model has been extended to include
an isospin mean field, i.e. the vector—isovector interaction
channel, which are comparable to the p-meson interactions
in nuclear RMF-type models. The coupling can be adjusted to
a smooth behavior of the symmetry energy across the phase-
transition boundary (a detailed discussion of this aspect is
given in Sect. II C3. of Ref. [37]).

Selected properties of the resulting DD2F-RMF 1.2 hybrid
EOS are listed in Table 1, for zero temperature and finite
entropy per particle of s = 3 kg. Particularly interesting is
the reduction of the onset density for the hadron—quark phase
transition, ponset, With increasing entropy, viz. temperature,
while the final density for reaching the pure quark-matter
phase, pfinal, remains nearly constant for the temperatures
of relevance here on the order of T = 0 — 50 MeV. These
aspects will become relevant in the SN simulations which
will be discussed below.

The DD2F-RDF 1.2 hadron—quark hybrid EOS in B-
equilibrium is illustrated in Fig. la for 7 = 0 and in Fig. 1b
for finite entropy per particle of s = 3 kg, in comparison
to the hadronic DD2F reference EOS. Note that the pres-
sure, P, contains all contributions, hadrons and/or quarks as
well as electrons, positrons and photons. The last two are
added following Ref. [48]. The vertical lines mark popget
(solid lines) and pgna (dash-dotted lines), where it is inter-
esting to note that while for 7 = 0 the pressure is nearly con-

stant in the hadron—quark mixed region, for the finite entropy
case there is a finite slope. The latter aspect is attributed to
the fact that there are different temperatures for the phase
transition, 7 (ponset), and for reaching the pure quark-matter
phase, T (pfinal)- In order to preserve the entropy per particle,
the temperature decreases throughout the mixed phase, for
entropies less than about s ~ 67 kg, while the temperature
increases for higher entropies. This feature is already illus-
trated in Fig. 1 in Ref. [36] (see also the solid green lines in
Fig. 7 which will be discussed below).

It is also interesting to note that the aforementioned
Maxwell construction for the phase transition results in gradi-
ents for various quantities, e.g., the proton fraction, in general
the charge fraction across the coexistence region, in order to
conserve the charge chemical potential (see the middle panels
in Fig. 1). This behavior is imposed by the linear dependence
on density in the coexistence region. For a real Maxwell con-
struction, both pressure and charge fraction would jump from
Ponset tO Pfinal- Note that in quark-matter we construct proton
and neutron abundances, Y, and Y,,, from the abundances of
up- and down-quark, Y, and Yy, as follows: Y, = 2Y, + Yy
and Y, =Y, +2Y,.

The corresponding mass—radius relations are shown the
right panels of Fig. 1. For the DD2F-RDF 1.2 parameters,
at T = 0, the maximum mass of the hybrid star exceeds
the maximum mass of the DD2F reference hadronic EOS;
the exact values are given in Table 1. The onset mass for
the hybrid branch, i.e. the third family of compact stellar
objects, is at Mopset = 1.37 M. These hydrostatic proper-
ties change when considering hot configurations, in particular
at entropy of s = 3 kg, which represents a canonical value at
the PNS interior. Note that it has been found that the univer-
sal relations [49-51] hold only for constant but low values of
the entropy [52,53], since the entropy is a conserved quan-
tity. Since the latter is also the case for SN, it is suitable to
consider the situation of constant entropy, rather than con-
stant temperature, in order to understand what happens in
simulations of core-collapse SN regarding thermal effects.
The first observation is that the coexistence region extends
due to the different behaviors of hadronic and quark-matter
EOS with increasing temperature (see Fig. 1b), besides the
significantly larger gradients between ponser (vertical solid

@ Springer
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Fig. 1 EOS under the condition of B-equilibrium, showing the pres-
sure P, the proton abundance Y, and the temperature 7" (only for finite
entropy), with respect to the restmass density p, for 7 = 0 in graph (a)
and constant entropy per particle of s = 3 kg in graph (b), as well as the
corresponding mass-radius relations, comparing the hadronic DD2F
reference model (red dached lines) and SF2 (solid gray lines). The thin

lines) and pfpa (vertical dash-dotted lines). Secondly, the
radii of the hydrostatic configurations become significantly
larger, on the order of 20—40 km. Secondly, while the maxi-
mum mass of the DD2F reference hadronic EOS increases,
the maximum mass of the DD2F-RDF 1.2 hybrid configura-
tion reduces. Moreover, an extended region of gravitational
instability develops after the onset of quark-matter at the
transition from the stable hadronic to the stable quark-matter
branch [54]. This twin phenomenon has long been studied

@ Springer

vertical solid and dash-dotted lines mark the location for the onset of
the phase transition and when reaching the pure quark-matter phase,
respectively, whereas the horizontal line in the mass—radius relation
graphs marks the corresponding onset mass, together with the present
maximum neutron star constraint of 2.08 £0.07 M, from the measure-
ment of the pulsar PSR J0740+6620 [16,19]

in the context of cold neutron stars, i.e. the existence of two
compact stars with the same gravitational mass but different
radii and hence belonging to different families of compact
stars (cf. Ref. [20] and references therein). It is interesting to
note that the twin phenomenon is only present in the case of
finite, and in particular high temperatures, illustrated by the
temperature jump around 7 =~ 50 MeV at the phase transi-
tion (middle panel in Fig. 1b).
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Fig. 2 Comparison of the

progenitors with a ZAMS
masses of 75 Mg but different
metallicities, from Ref. [63],
showing the density p and
entropy per particle s (left
panels) and the abundance of
helium denoted as He (dotted
lines), carbon and oxygen
denoted as C+O (thin
dash-dotted lines) as well as
silicon and sulfur denoted as
Si+S (dashed lines) and
iron-group nuclei collectively
denoted as 'Fe’ (thick solid
lines), with respect to the mass
coordinate. In addition, for the
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3 Supernova model and stellar progenitors

The present numerical study of core-collapse SN is based
on AGILE-BOLTZTRAN (see Ref. [55] and the references
therein), which is a general relativistic neutrino-radiation
hydrodynamics model in spherical symmetry featuring accu-
rate 6-species Boltzmann neutrino transport [56]. The set of
non-muonic weak interactions considered here can be found
in Table 1 of Ref. [57], with the references given accord-
ingly, and the muonic weak processes are introduced and dis-
cussed in Refs. [56,58]. AGILE-BOLTZTRAN has an adap-
tive baryon mass mesh refinement [59,60]. In the present
simulations 207 radial grid points are used, and the neutrino
phase space is discretized following Refs. [61,62], with 6
neutrino lateral angle bins, cos6é € {—1, +1}, and 36 neu-
trino energy bins, from 0.5-300 MeV.

(b)Zz=10"%x Zg

For the present investigation of the phase transition in
core-collapse SN as explosion mechanism, one of the yet-
incompletely addressed questions is the dependence of the
stellar progenitor model. In particular, what is the maximum
progenitor mass that renders the hadron—quark phase tran-
sition able to drive the explosion, and how does it depend
on metallicity, denoted as Z? Therefore, the most massive
stellar progenitor is selected from the comprehensive stellar
evolution series of Ref. [63], with a ZAMS mass of 75 Mg,
while a stellar model will ZAMS mass of 50 My has been
explored previously [36,64].

Radial profiles, as a function of the enclosed mass, for
selected quantities are shown in Fig. 2a for the solar-
metallicity model. The current value of the solar surface
metallicity is Zg = 0.0187 £ 0.0009, [65,66]. This features
a rather compact stellar core at the onset of stellar collapse,
with an iron-core mass of about 1.5 Mg and with central
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densities in excess of 5 x 10° g cm™3, as well as a narrow

silicon—sulfur shell above the iron core (dashed line in the
right panel of Fig. 2a). Typical for solar-metallicity stars is a
large mass-loss rate, which results in a sharp transition from
the stellar core, i.e. carbon-oxygen shell (dash-dotted line in
the right panel of Fig. 2a) and the transition to the helium-rich
envelope, with a sharp density drop over many orders of mag-
nitude. The resulting total enclosed mass is about 6.36 M, at
the onset of stellar core collapse [63], i.e. about 68.64 M, has
been lost during the previous nuclear burning stages, mostly
during hydrogen and helium burning [63]. The later collision
of the SN ejecta with the material ejected pre-collapse may
power the brightest SN explosions known as super-luminous
SN [36].

The situation is very different for stars with lower metal-
licity. Figure 2b shows the same radial profiles for the same
75 M ZAMS mass but at a metallicity of 10~ of the solar
value, from the same stellar evolution series [63]. This stel-
lar model has experienced nearly zero mass loss. It it related
with the photon opacity, which scales with the number of pro-
tons and is hence substantially higher for ions. The lack of
efficient mass loss leaves a nearly as massive progenitor star,
with a total mass at the onset of stellar collapse of 75 Mg [63],
featuring a central density of about 10° g cm~3 and a higher
central entropy per baryon of about s ~ 2 kg, in compari-
son to the solar-metalicty progenitor with s ~ 1.5 kg (see
Fig. 2). Note also that the nascent iron core contains nearly
3 Mg, (the abundance of °Ni is shown as thin solid line in
the right panel of Fig. 2b).

4 Supernova simulations

In this section, results will be discussed from simulations
of core-collapse SN, launched from the stellar progenitors
introduced in Sect. 3, with a ZAMS mass of 75 Mg of solar
metallicity and 10~* of the solar metallicity [63]. Note that
the SN simulations of the solar-metallicity progenitor con-
tains the entire remaining mass of 6.36 M. Both SN simula-
tions employ the DD2F-RDF-1.2 hadron—quark hybrid EOS,
reviewed in Sect. 2.

Both SN simulations proceed qualitatively similarly through

the stellar core collapse, featuring slightly higher central tem-
peratures for the low-metallicity model as well as lower cen-
tral density, than the solar-metallicity one, as illustrated in
graphs (a) and (b) in Fig. 3. However, of particular interest
is the post-bounce evolution, during which differences grow
substantially between the two models. These, in turn, can be
related to the mass accretion rates, shown in Fig. 4, sampled at
the PNS surface. The mass accretion rate, M = 4772 pv, with
rest-mass density p and velocity v at the PNS surface, is sig-
nificantly larger for the low-metallicity case as a direct con-
sequence of the higher density of the far more massive iron

@ Springer
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Fig. 3 Post-bounce evolution of the central and maximum tempera-
tures in graph (@), Tcentral (thick lines) and Tinax (thin lines), the central
density pcentral in graph (b) and the PNS mass Mpns in graph (c) as
well as in graph (d) the PNS radius Rpns (thick lines) and the SN
shock radius Rghock (thin lines), including the second shock wave due
to the hadron—quark phase transition (red dash-dotted lines), as well as
in graph (e) the diagnostic energy Egiagnostic, comparing the SN simu-
lations of the 75 Mg progenitors of solar metallicity (solid gray lines)
and 10~* of solar metallicity (blue dashed lines). The thin horizontal
lines in graph (b) mark the onset densities for the hadron—quark phase
transition for the corresponding temperatures and a represented proton
fraction of ¥, = 0.3

core and of the extended silicon—sulfur layer above the iron
core (see the left panels in Fig. 2). The mass enclosed inside
the PNS grows very rapidly shortly after the core bounce,
reaching shortly 2 Mg, as illustrated in Fig. 3c. It leads to
a rapid rise of the central density and of the central tem-
perature, and in particular to maximum temperatures at the
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Fig. 4 Post-bounce evolution 8 . . . T 40
of the mass accretion rate, M s solar metalicity

sampled at the PNS surface, - = 107*2Z,

comparing the SN simulations 6 |

of the 75 Mg, progenitors of

solar metallicity and 10~* solar 4t 1 120

metallicity. The inlay shows a
zoom in the later post-bounce
evolution for the
solar-metallicity model

!

PNS interior, denoted as T, in excess of 30-50 MeV. The
very massive PNS gives rise to high neutrino luminosities,
on the order of L, ~ 1 — 2 x 10°3 erg s~! (see Fig. 5) dur-
ing the evolution after the v,.-deleptonization burst has been
launched, about 50 ms post-bounce. This is nearly one order
of magnitude higher than the one obtained in normal SN sim-
ulations after the high-density silicon—sulfur layer has fallen
onto the SN shock (cf. Refs. [5,67-72] and the references
therein). Exactly this phenomenon has not been the case for
the low metallicty model here, as for the entire time of the
post-bounce evolution the neutrino luminosities are powered
by extraordinary high mass accretion rates, being approxi-
mated as accretion luminosity for v and v, as follows:

y 2
L, x2x10° erg 5! Mens M 10" km .
¢ 2M@ 4M@/S RU

ey

The values for the PNS mass, Mpns, are larger than for
the solar-metallicity case by about one third, and the mass
accretion rate is larger my more than a factor of two (see
Figs. 3 and 4). The high neutrino luminosities are the reflec-
tion of enhanced neutrino heating rates, which, in turn,
result in larger neutrinosphere radii and also a systemati-
cally larger shock radius, as illustrated in Fig. 3d. Such a
phenomenon has been reported based on the SN simulation
of a zero-metallicity stellar progenitor with ZAMS mass of
70 Mg, [73], which, however, eventually leads to a failed SN
explosion and the subsequent black hole formation at about
253 ms post-bounce for this low-metallicity model. It is asso-
ciated with the sudden rise of the maximum temperature and
central density (see graphs (a) and (b) in Fig. 3) and the abrupt
cease of the mass accretion rate (see Fig. 4).

40

1 1.795 1.8 1.805 1.81

t— tbounce [S]

Here, for the low-metallicity 75 Mg, progenitor, the high
mass accretion rate during the early post-bounce evolution
results in a critical behavior when the conditions are reached
for the hadron—quark phase transition. These are illustrated
in Fig. 3b through thin horizontal lines, showing the critical
density for the onset of the phase transition, ponset = 2 X Osat,
for the corresponding temperature, shown in Fig. 3a, and a
representative proton fraction of ¥, = 0.3. Once the phase
transition takes place, the central quark-matter volume frac-
tion starts to rise rapidly for this model and the PNS becomes
gravitationally unstable due to the reduced pressure gradient
in the co-existence region, between the two stable hadronic
and quark-matter phases, as was discussed in Sect. 2. The
PNS collapse proceeds supersonically. It halts when a suf-
ficient mass at the PNS interior is converted into the quark-
matter phase, where the EOS stiffens again. As a conse-
quence, a second shock wave forms which propagates to
increasingly larger radii where it turns into an accretion front.
However, before the accretion front can accelerate along the
decreasing density gradient towards the PNS surface, the
PNS collapses behind this accretion front. This is related
to the fact that the enclosed PNS mass of M ~ 2.6 Mg
(see graph (c) of Fig. 3) exceeds the maximum mass of the
DD2F-RDF-1.2 hybrid EOS (see Table 1). This phenomenon
has already been reported in Ref. [36] for the most compact
stellar progenitor with ZAMS mass of 25 Mg, explored in
that study.

The SN post-bounce evolution proceeds differently for the
progenitor of solar metallicity, featuring a substantially lower
mass accretion during the entire post-bounce evolution (solid
line in Fig. 4). It results in an extended post-bounce mass
accretion phase which lasts for nearly 1.0 s, until the central
density reaches a value of about twice saturation density, in

@ Springer
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comparison to the low metallicity case when the same central
density is reached already at about 253 ms post-bounce (see
graph (b) in Fig. 3). The low mass accretion rate for the
solar-metallicity case, with M <0.1 Mg s~! already after
about 500 ms post-bounce, leads to a long timescale for the
PNS mass to grow. In fact the PNS mass never reaches the
maximum mass of the DD2F-RDF-1.2 hybrid EOS, it stays
around M PNS ~ 1.8 M, (see graph (c) in Fig. 3). Moreover,
the SN shock contracts below Rghock < 100-80 km once
the silicon—sulfur layer has been fallen onto the shock, and
the neutrino luminosities decrease to values on the order of
L, =~ 1 x 107" erg s~ (v, denote collectively all heavy
lepton flavors, here vy = v;,) and L3,)y, = 2 X 10°! erg s7!
(see Fig. 6).

Subsequently, the conditions for the hadron—quark phase
transition are reached only after about 1.795 s post-bounce
for the solar-metallicity case, corresponding to an onset den-
sity for the phase transition of ponser = 5.6 x 1014 g cm 3,
indicated by the thin horizontal line in graph (b) of Fig. 3,
for the central temperature of Teengral =~ 30 MeV, shown in

@ Springer

t — Thounce [S]

graph (a). Note that also for this model, maximum tempera-
tures reach as high as Trnax =~ 40 — 50 MeV. However, unlike
in the case for the low-metallicity model discussed above,
the second shock wave, which is associated with the PNS
collapse and transition into the hybrid branch, expands to
continuously larger radii along the decreasing density at the
PNS surface, while the PNS remains in a metastable stable.
The enclosed mass is well below the maximum mass of the
hybrid EOS. During the PNS collapse, the central density
rises slightly above pcentral = 5 X psat, and settles back to a
value of about peentral = 4.2 X pga¢ Once the second shock
wave accelerates. The latter quickly reaches the location of
the bounce shock, at a radius of about 50 km (see graph (d)
in Fig. 3), taking over the bounce shock and expanding con-
tinuously to increasingly larger radii. It reaches a radius of
1000 km about 10 ms after its formation (thin red dash-dotted
line in graph (d) of Fig. 3). It defines the onset of the SN
explosion triggered by the PNS collapse due to the hadron—
quark phase transition, indicated by the sudden rise of the
diagnostic energy, Egiagnostic» Shown in graph (e) of Fig. 3,
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Fig. 6 The same as Fig. 6 but 50 — ;
for the SN simulations for the
solar metallicity 75 Mg
progenitor 40+
T
n
a0 30
et
5}
=
—, 20r
Y
S
10+
O 1

— Ve ]

— =T |4

—— U

P e R e i T =it == A S

0.5 1 1.5 2 2.5
t— tbouncc [S]

(Ev) [MeV]

Acut
Ediagnostic(t) = _/ da Especiﬁc(h a), 2
M

which is the baryon mass integration, da, of the total spe-
cific energy, Especific, integrated from the stellar surface, M,
towards the center. The specific energy is given as follows:

E (t,a)=T +—2 w_m 3)
ific(t,a) =Te - )
specific T 1 ) ,

with metric function I' = /T + m/r — u, specific internal
energy e, velocity u, and the gravitational mass m. The inte-
gration is performed until the mass cut, ac,;. The latter defines
the mass coordinate inside of which material is not ejected,
which is determined at the end of the simulation time of about
12 s post-bounce. Note that it includes the neutrino-driven
wind phase. Note further that the diagnostic energy contains
the gravitational binding energy of the stellar envelop, since
the entire progenitor mass is included in the SN simulations.

The diagnostic energy evolves during the SN simulations
(see graph (e) in Fig. 3). It is often used as indicator for a

t — thounce [S]

successful SN explosion when Egjagnostic > 0, referring to
the SN explosion energy which is the kinetic energy of the
ejecta which should match the asymptotic value obtained for
Ediagnostic (see the inlay of graph (e) in Fig. 3).

The entire SN evolution for the solar-metallicity model is
illustrated in the temperature-density phase diagram, Fig. 7,
with the color coding of the electron fraction. The evolu-
tion of the central values is given as thick black line. It is
interesting to note that the central evolution across the phase
co-existence, marked by the blue thick solid (onset density)
and thin dash-dotted lines (reaching the pure quark-matter
phase), proceeds along curves of constant entropy per parti-
cle of about s = 1.5 — 3 kg, which indicates the adiabatic
collapse of the PNS. As the entropy is conserved, i.e. neu-
trinos cannot leave the hot and dense PNS interior, the tem-
perature decreases during the phase transition slightly. This
phenomenon has already been realized in Ref. [36]. Conse-
quently, when considering the stability of hybrid matter PNS,
one should take into account the maximum mass of compact
stars at finite entropy per particle (see Table 1). It is inter-
esting to note that the SN evolution in the phase diagram is

@ Springer
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Fig. 7 Evolution of the SN -
simulation of the 75 Mg B
progenitor, of solar metallicity, 150 —
in the T—p phase diagram where

the color-coding is due to the

electron fraction, Y,. Indications

for the phase transition are set as 125
onset of the quark-matter phase,

Ponsets and reaching the pure

quark-matter phase, pfinal. The

evolution of the central 100
temperature and density are also
shown (thick solid black line),
together with curves of constant
entropy per particle for selected
values of s = 1 — 7 kg at fixed
proton fraction of ¥;, = 0.3
(solid green lines)
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similar to those of binary neutron star mergers, which con-
sider the hadron—quark phase transition [38,40,74], however,
reaching somewhat higher temperatures.

The rapid SN shock expansion of the second shock across
the neutrinospheres releases an outburst of neutrinos of all
flavors, however, dominated by v, and heavy lepton flavor
neutrinos (see Fig. 6). This burst lasts for only a few tens
of a second. The associated luminosities and average neu-
trino energies rise to values of several times 10°3 erg s~! and
40 MeV, respectively. It has been pointed out that this non-
standard neutrino signal—not present in neutrino-driven SN
simulation models—is a smoking-gun signature for a suf-
ficiently strong first-order phase transition. It is observable
at the present generation of neutrino detectors, e.g., Super-
Kamiokande [36].

5 Summary and conclusions

The present article reports about results of two core-collapse
SN simulations of very massive progenitor stars with the
same ZAMS mass of 75 M, but different metallicities. This
important aspect was not explored in previous studies. The
metallicity has important consequences for the mass loss dur-
ing the stellar evolution; high (low) metallicity results in
high (low) mass-loss rates and consequently in high (low)
compactness of the nascent iron core at the onset of stellar
core collapse. This, in turn, results in substantial differences

@ Springer

0

P [Psat]

during the SN post-bounce evolution, featuring low (high)
mass accretion rates. This study considers an EOS with a
first-order phase transition from normal nuclear matter to the
quark—gluon plasma at high baryon density. In the subse-
quent SN simulations, there are two competing timescales:
(i) the growth of the central density and temperature to reach
the critical conditions for the onset of the phase transition,
and (ii) the growth of the mass enclosed inside the PNS.
Both are determined by the mass accretion rate of the still
collapsing stellar core onto the bounce shock and by the com-
pression behavior of the PNS, which, in turn is determined by
the high-density behavior of the nuclear EOS. Here, the pre-
vious findings are confirmed that a high mass accretion rate
may result in a massive PNS at the onset of the hadron—quark
phase transition, exceeding the maximum mass of the EOS.
Only when the timescale for the PNS compression, i.e. the
timescale associated with the rising central density and tem-
perature, exceeds the growth timescale of the PNS mass, the
nascent PNS will be in a meta-stable state after the phase tran-
sition. The formation of a second shock wave determines the
onset of the SN explosion. In the present work, this is the case
for the progenitor of solar metallicity only. On the contrary,
for the low-metallicity model, the enclosed mass exceeds the
maximum hybrid EOS mass and hence a black hole forms.
The SN explosion of the solar-metallicity model confirms the
unique observable signature in the neutrino signal.

These findings have important consequences for the
dependence on metallicity of this class of massive star explo-
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sion, driven by a sufficiently strong hadron—quark phase tran-
sition. While the first generation of stars had zero metal
content, the metal enrichment is considered to rise contin-
uously during the evolving universe. Such considerations
lead to the age—metallicity relation [75]. Here, a metallic-
ity of 10~ of the solar value is considered as representative
example of extremely metal-poor stars [76,77]. Observations
of metal-poor stars with surface abundances enriched with
heavy r-process elements, such as strontium and europium,
have been observed frequently [78—82]. It is yet incompletely
understood which astrophysical site can account for these
observations, especially at metallicities of Z = 107* x Zg
and below. Specifically, whether binary neutron star mergers
can account for this therefore is presently unclear [83—85].
On the other hand, even though SN explosions could have
enriched the galaxy at low metallicity, canonical, neutrino-
driven core-collapse SN explosions cannot account for the
production of heavy neutron-capture elements heavier than
molybdenum, with atomic number of Z = 42 [86]. The rea-
son for this is the absence of sufficient neutron rich ejecta. It
points to rare and, perhaps speculative sites for the r process
associated with massive star explosions, such as magneto-
rotational driven jet-like explosions [87-90]. In addition,
SN driven by the hadron—quark phase transition have been
suggested as possible but rare r-process sites [91], with an
abundance pattern featuring an overproduction of nuclei in
the vicinity of the second r-process peak in the region with
nuclear mass numbers 140 < A < 180. It was suggested that
this site may operate at low metallicity and hence account for
the observed metal-poor star data. However, the findings of
the present study point to the absence of this class of massive
star explosions driven by the hadron—quark phase transition
at a metallicity of Z < 107* x Zg.

Zero- and low-metalicty stellar evolution calculations pre-
dict qualitatively the same evolutionary pattern for massive
stars with ZAMS masses > 30 M, [63,64,76,77], namely
an extended high-density silicon—sulfur layer above the iron
core due to negligible mass loss. Consequently, all these mas-
sive stars would belong to the failed SN branch with the
failed SN shock revival and hence the formation of black
holes. It excludes SN explosions of massive stars driven by
the hadron—quark phase transition as r-process site operating
at low metallicity. At which value of the increasing metallic-
ity during the galactic evolution they might have started to
contribute remains to be explored.
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