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The possible role of a first order QCD phase transition at aoishing quark chemical potential
and temperature for cold neutron stars and for supernov@elirseated. For cold neutron stars,
we use the NJL model with nonvanishing color supercondgaqtiairing gaps, which describes
the phase transition to the 2SC and the CFL quark matter plaiddgh baryon densities. We
demonstrate that these two phase transitions can both berpri@ the core of neutron stars and
that they lead to the appearance of a third family of solutimrtompact stars. In particular, a core
of CFL quark matter can be present in stable compact stargroafions when slightly adjusting
the vacuum pressure to the onset of the chiral phase tram$itim the hadronic model to the NJL
model. We show that a strong first order phase transition age strong impact on the dynamics
of core collapse supernovae. If the QCD phase transitianisethortly after the first bounce, a
second outgoing shock wave can be generated which leadseixpéosion. The presence of the
QCD phase transition can be read off from the neutrino andeuitino signal of the supernova.
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It has been realized in the last years, that the QCD phase diagram niighit exich structure
at high baryon densities, be it in the form of color superconductinggshlg or the quarkyonic
phase[[R]. While recent lattice gauge simulations indicate that the QCD plamsition at van-
ishing quarkchemical potential is most likely a crossover, there might eXisstaorder phase
transition lines at nonvanishing quarkchemical potentials. This region @@@ phase diagram
entails properties of strongly interacting matter which are found in the conewfon stars and
core-collapse supernovae and will be probed by heavy-ion collisiithglre CBM detector at the
Facility for Antiproton and lon Research (FAIR) at GSI Darmstadt.

Neutron stars are born in core-collapse supernovae as so calleehprdaton stars. The tem-
peratures reached in those supernovae and in proto-neutron gtarg & 50 MeV with baryon
densities well above normal nuclear matter density. Similar conditions areieteced in simu-
lations of neutron star mergers. The masses of rotation-powered natdrsnpulsars, have been
quite accurately determined. More than 1700 pulsars are presently ktlogvbest determined
mass is the one of the Hulse-Taylor puldslr,= (1.44144 0.0002M, [B], the smallest known
mass isM = (1.18+ 0.02)M,, for the pulsar J1756-225{][4]. The most reliable lower limit for
neutron star masses published in the literature is the one of the Hulse-Taldar (with only one
noticeable exceptior{][4] 6]). Note, that the mass of the pulsar JO75T+488 corrected from
M = 2.1+0.2M; down toM = 1.14— 1.40M, [{]]. The high masses and radii inferred from the
X-ray burster EXO 0748-676 in an analysis donefjn [8] are not modejieddent, a multiwave-
length analysis concludes that a mass.86M, is more compatible with the datg [9]. In any case,
high masses and radii do not exclude the possibility of having quark mattez ootle of neutron
stars [IP].

In the following we will loosely denote the high-density matter as quark matteguaitinthe
QCD phase transition at high baryon densities is due to chiral symmetryihgeahkd not due to
deconfinement. Let us first discuss the possible role of the QCD phasdtitra and the stability
of compact stars in a toy model for quark matter with an equation of state obthregdf=a- &
with a constanfa = 1/3 and a given energy density jump (s€€ [11]). For the hadronic side, we
use a relativistic mean-field model fitted to the properties of nuclear matter gheGM3). If the
phase transition occurs close to the maximum mass, always unstable solppeas for the hybrid
star with a quark matter core. The mass-radius curve changes its slopenaagssquark matter is
present. For an onset of the phase transition at moderate densitieseskaqw of quark matter
leads to stable configurations, the slope of the mass-radius curve dagwange its sign[14, 11].

Color-superconducting quark matter can be described by the NJL mod#i imbludes both,
dynamical quark masses via quark condensates and the color-sughecting gap4 for the three
flavor case (sed [IL8, ]14] for astrophysically relevant calculatiolbe parameters of the model
are the cutoff, the scalar and the vector coupling cons@gt$&y, the diquark couplingsp, and
the 't Hooft term couplingk. They are fixed to known hadron masses, the pion decay constant,
which leave two free parameteiSp andGy. In addition, the total pressure is usually fixed by
requiring that it vanishes in the vacuum. For the description of hybrid stieméne results from
the NJL model have to be merged with a low-density nuclear equation of statdeivand that the
pressure constant is fixed such that the chiral phase transition canditiethe transition from the
hadronic model to the NJL model description. Numerically one finds, that thdifferent pressure
constants differ only slightly from each other. In the former case one finghase transition
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directly to CFL quark matter, in the latter case two phase transitions appstiofine 2SC phase
then to the CFL phase. For a phase transition directly to the CFL phase|utiers first unstable
but turns then into a stable orfe][11]. The new stable solution is another kxahtpe third family
of compact stars which can appear for a strong first order phasgtioarL3,[12[1B[ 17]. For the
case of two phase transitions, two kinks appear in the mass-radius citinvstable solutions for
all configurations. It is interesting that it is possible that there are actuatlyptvase transitions
present in compact star matter.

The final state in the evolution of stars with a mass of more than 8 solar massesris-a
collapse supernova or a direct collapse to a black hole,[spe [18] foveamiew. The degenerate
core collapses until normal nuclear matter densities are reached. Thsioefbetween the nucle-
ons halts the collapse. A shock front is generated which moves outwastills around 100 km.
The newly born proto-neutron star emits neutrinos and antineutrinos whjabsd energy behind
the stalled shock. For low-mass progenitors with masses of eight to ten saaesnaresent su-
pernova simulations indeed find that this additional energy deposit is briodgad to a delayed
explosion mechanisnf [[L9]. For more massive progenitor stars, it wasthg@roposed that the
standing accretion shock instability (SASI) is crucial for core-collapgemova explosions after
about 600ms[[20].

The conditions of core-collapse supernova matter at bounce areyetensgities ofe ~ (1—
1.5)&o, so slightly above normal nuclear matter energy density, temperatufies-df0— 20 MeV
and proton fractions of, ~ 0.2 — 0.3 (normal nuclear matter h&g = 0.5). In the following we
explore the consequences of a QCD phase transition occurring shivetiyttee bounce in core-
collapse supernovag J21]. For simplicity, the MIT bag model is used taithesihe high-density
part of the equation of state, while for the low-density part the superaguation of state of Shen
etal. is adopted[22]. The mass-radius relation of neutron stars fajuatien of state with a QCD
phase transition can be drastically different as shown above. The maxinasses are found to
be 156M,, for a bag constant &/ = 162 MeV and 150M,, for B/4 = 165 MeV, so above the
Hulse-Taylor pulsar mass limit.

The phase transition line of relevance for astrophysical applications miatecoincide with
the one of ordinary nuclear matter as the conditions are entirely differené timescales are
much longer so that strangeness is not a conserved quantum numbbkrmdles quark matter
much more stable. Moreover, supernova matter is neutron-rich so tHaanumatter is unfavoured
due to the repulsive nature of the asymmetry energy. Both effects leadotwsalerably reduced
critical density for the QCD phase transition, so that the production okquaitter in supernovae
becomes more likely compared to the situation in heavy-ion physics and caaragdpeady close
to the conditions at bounce.

For the situation in heavy-ion collisions, just up- and down-quark matteioizescompared to
symmetric nuclear matter, the timescales in heavy-ion collisions are just toasldidw for net
strangeness being produced. Large critical densities are fouradattmes normal nuclear matter
densities, so that the production of ud-quark matter is unfavoured &ykien collisions at small
temperatures and high baryon densities, there is no contradiction with-feadgata. To be more
specific, the freeze-out parameters extracted from statistical modedstmi productionpi; o =
700— 800 MeV, T o. = 50— 70 MeV for heavy-ion collisions at SIS energies and, ~ 500 MeV,
Tio. ~ 120 MeV for AGS energies, are well within the hadronic side of the phaggam.
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The equation of state with a QCD phase transition is used as input in a suaainulation
which also implements accurate neutrino transport of all neutrino flav@dis Bhortly after the
bounce, the QCD phase transition is reached in the core of the prot@nettir. The formation
of a core of pure quark matter produces a second shock wave whichviagrautwards leading
to an explosion. Note, that in the standard 1D simulation without a phase transitiexplosion
is found, the first shock simply stalls and matter is eventually collapsing to a hislek The
supernova simulation runs were performed foMtOand 19, progenitor stars with two different
bag parameters controlling the onset of the QCD phase transition. We finthéhtime of the
appearance of the quark core, the baryonic mass of the compact tesmnidathe explosion energy
are significantly sensitive to the location of the QCD phase transition. With timetoyparameter
sets the quark core appearggt= 200 to 500 ms. If quark matter appears later, the explosion
energy gets larger, as the density contrast at the accretion shotktoFases. Heavy progenitor
star masses can lead to the formation of a black hole. There are obseémplitations for the
QCD phase transition in the neutrino signal of supernovae. When thedgshock front produced
by the phase transition runs over the neutrinosphere a second barsti-ofutrinos is released.
The peak location and height is determined by the critical density and strehtjita QCD phase
transition.

In summary, a first order QCD phase transition at high baryon densitieadrto observable
astrophysical signals involving compact stars and supernovae. Nestts with a core of CFL
guark matter can be stable and can form a third family of compact stars besgide dwarfs
and ordinary neutron stars. In an exploratory study, we demonstradédjulark matter can be
formed in supernovae, even shortly after the bounce which produsesoad shock with enough
energy to cause an explosion even in 1D simulations. The second shiotk dosecond peak in
the (anti-)neutrino signal. Possible implications for the gravitational waveakgmd r-process
nucleosynthesis need to be explored in future work. And much more defiraglels of QCD
are needed to explore the consequences of the QCD phase transitiogis baryon densities in
astrophysics on a more fundamental basis.
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