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Abstract. We discuss the possibility to probe the QCD critical point during the prompt black hole
formation. In black hole formation processes, temperature and baryon chemical potential become
as high as T ∼ 90MeV and µB ∼ 1300MeV. This high baryon chemical potential would allow
nuclear matter to experience the QCD phase transition, and the temperature may be higher than
the QCD critical point temperature. We compare the phase boundary in chiral effective models and
the thermal environment obtained in the ν radiation hydrodynamical calculation of the gravitational
collapse of a 40M star leading to the black hole formation. This comparison suggests that quark
matter is likely to be formed, and the QCD critical point may be swept.
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INTRODUCTION
There are two important aspects in nuclear matter physics related to compact stars —
the equation of state (EOS) and the phase diagram. Nuclear matter EOS [1, 2, 3] is
an important ingredient in describing compact astrophysical objects such as neutron
stars, supernovae, black hole formation, and neutron star merger. The nuclear matter
phase diagram is another interesting facet [4]. The discovery of the liquid-gas phase
transition may be one of the most successful achievements in observing the phase
transition in subatomic physics. The non-monotonic behavior in the caloric curve signals
the first order nature of the liquid-gas phase transition [5]. Recent high-energy heavyion experiments provide evidence that the created matter is opaque for colored partons,
very hot in the early stage, and has specific transport properties. This form of matter
is referred to as the strongly coupled quark-gluon plasma (sQGP) [6]. It is generally
believed that we have at least one more type of phase transition in nuclear matter; phase
transition to quark matter at high density, which is expected to be the first order, while
the transition observed in high-energy heavy-ion collisions at µB ' 0 is the cross over.
The QCD critical point (CP) [7] is one of the main physics goals in the beam energy
and system size scan programs at RHIC and SPS [8]. CP would be probed in these
experiments if it is in the low baryon chemical potential region, µCP . 500 MeV, as
predicted in some of the lattice MC calculations [9]. On the other hand, we cannot reject
the possibility that the CP is located in the lower T and higher µB region, as predicted in
many of the chiral effective models [10, 11, 12, 13], which is consistent with the lattice
MC calculation at imaginary chemical potential suggesting that CP does not exist in the

small µB region [14]. Thus, it is valuable to consider other candidate sites where hot and
dense matter is formed and CP is reachable.
For the hunting of CP in the large µB region, black hole formation from a gravitational
collapse of a massive star is promising. A large part of non-rotating massive stars
with mass M & 20M are expected to collapse to black holes (BH) without violent
explosion [15]. In the neutrino-radiation hydrodynamical simulations of the collapse
and bounce stage of a 40M star leading to a BH, hot (T ∼ 90 MeV), dense (ρB ∼ 4ρ0 ),
and highly isospin asymmetric (Yp ∼ 0.2) matter is formed. Thermodynamical variables
as a function of radius form a curve in the (T, µB , δ µ ) space (BH formation profile).
In the left panel of Fig. 1, double lines show the BH formation profile (T, µB , δ µ ) [16]
calculated by using the Shen EOS at t = 0.5, 1.0 and 1.344 sec after the bounce during
the BH formation from a 40 M star in the proto-neutron star core. From the outer
to the inner region of the proto-neutron star, T first increases and reaches T ∼ (50 −
90) MeV in the middle heated region, and decreases again inside. The baryon chemical
potential µB is found to go over 1300 MeV in the central region just before the horizon
formation at t = 1.344 sec. The isospin chemical potential is found to be δ µ ≡ (µn −
µ p )/2 = (50 − 130) MeV in the inner region. The temperature and density in BH
formation are significantly higher than those in supernovae. The highest temperature
and density are moderate in the collapse and bounce stage of supernovae, (T, ρB ) ∼
(21.5 MeV, 0.24 fm−3 ) when hadronic EOS is adopted [3], while it has been argued
that the transition to quark matter might trigger successful supernovae [17]. Since both
T and ρB are larger during BH formation compared with the supernova explosions, it is
likely to create a new form of matter, such as the dense quark matter.
In this proceedings, we discuss here the possibility that the BH formation profile
evolves with time and may pass through CP and the vicinity (CP sweep) [18]. The
CP location scatters in the T −µB plane in chiral effective models. We expect that
CP moves in the lower T direction at finite δ µ , because d-quark dominates and the
effective number of flavors decreases. Since the matter passes through the high µB and
low T region compared with high-energy heavy-ion collisions, the reduction of the CP
temperature TCP is essential for the CP sweep during the BH formation.

CHIRAL EFFECTIVE MODELS
Chiral effective models of QCD have been extensively utilized to study the phase
transition at finite µ region; we have the sign problem in lattice QCD MC simulations
at finite µ , which makes it difficult to predict the phase boundary at large µ /T , and we
need to invoke effective model approaches or some approximation such as the strong
coupling expansion [19] in order to investigate the whole phase diagram.
We compare the results of the Nambu-Jona Lasinio (NJL) model [10], the Polyakov
loop extended Nambu-Jona-Lasino (P-NJL) model [11], P-NJL model with eightquark interaction (P-NJL8 ) [12], and the Polyakov loop extended quark-meson (PQM)
model [13]. We here briefly summarize the Polyakov loop extended quark meson (PQM)
model, as an example of chiral effective models. The Lagrangian density in PQM is

given by
[
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Compared with the NJL model, PQM has a freedom to choose the mesonic potential,
(
)2
U(σ , π ) = λ σ 2 + π 2 − v2 /4 − hσ . We have introduced the coupling of quark and
vector mesons, whose kinetic part is given by the field tensors, ωµν and R µν for ω and
ρ mesons, respectively. The Polyakov loop is the order parameter of the deconfinement
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where E p = p 2 + M 2 and M = gσ + m0 is the constituent quark mass. The vector meson effects are included in the effective chemical potential µ̃ f = µ ∓ δ µ − 2g2v ρ f /m2v
with ∓ = −, + for f = u and d, respectively. We here adopt the three-momentum cutoff
Λ in evaluating the zero point energy for simplicity. Model parameters are fixed to reproduce hadron properties in vacuum and lattice MC results on the temperature dependence
of the Polyakov loop, while the vector coupling is taken as a free parameter [18].

ASYMMETRIC MATTER PHASE DIAGRAM AND CRITICAL
POINT SWEEP DURING BLACK HOLE FORMATION
By solving the stationary conditions with respect to the chiral condensate σ and the
¯ we obtain the equilibrium state for given (T, µB , δ µ ). At zero µB ,
Polyakov loop (`, `),
the equilibrium values of σ and the Polyakov loop evolve smoothly as increasing T ,
showing the cross over transition. At zero T , we find the first order phase transition at
the transition baryon chemical potential µB = Nc µ = µc , where σ jumps from a large
value around fπ to a small value. In the left panel of Fig. 1, we show the first order phase
boundary in the 3D space (T, µB , δ µ ) in PQM. The first order phase boundary is found
to shrink at finite δ µ . Transition temperature at a given baryon chemical potential µB
decreases, and the transition baryon chemical potential µc at T = 0 also decreases. This
behavior is understood as a consequence of effective flavor number reduction; the phase
transition is weaker for smaller number of flavors, and d quark is favored but u quark is
disfavored at finite δ µ > 0.
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FIGURE 1. Left: First order phase boundary surface (solid lines) in (T, µB , δ µ ) space calculated with
the PQM model are compared with the BH formation profile, (thermodynamical variables (T, µB , δ µ )
during the BH formation) at t = 0.5, 1.0, 1.344 sec after the bounce (double lines) [18]. Right: Predictions
of the critical temperature and critical point locations in symmetric and asymmetric (δ µ = 50 MeV)
matter in comparison with the chemical freeze-out points in heavy-ion collisions [20] and the (T, µB )
region swept during the black hole formation.

In the right panel of Fig. 1, we show the CP location in symmetric (δ µ = 0) and
asymmetric (δ µ = 50 MeV) matter obtained in NJL [10], P-NJL [11], P-NJL with 8quark interaction (P-NJL8 ) [12], and PQM [13] models. As already mentioned, the CP
location is sensitive to δ µ . Compared with the results in symmetric matter, TCP is smaller
at finite δ µ and reaches zero at δ µ = δ µc ' (50 − 80) MeV. CP is also sensitive to the
form of the Lagrangian and model parameters. Single quark excitations are suppressed in
the hadron phase by the Polyakov loop, then we obtain higher transition temperature and
the critical temperature in P-NJL compared with the NJL model. The vector potential
shifts the chemical potential effectively, and shifts up the transition chemical potential
µc by about 10-15 MeV at gv /g = 0.2. Because of these sensitivities, effective models
would be strongly constrained once the CP location is specified by any means.
We shall now compare the CP location and the phase boundary with the BH formation
profile. In the left panel of Fig. 1, we compare the phase boundaries and the BH
formation profile in PQM. During the BH formation, the baryon chemical potential
reaches around 1000, 1100 and 1300 MeV in the central region of the proto-neutron
star at t = 0.5, 1.0 and 1.344 sec, respectively [16, 18]. The transition chemical potential
is calculated to be µc = (1000 − 1100) MeV in the models discussed here, then it is
likely that quark matter is formed between t = 0.5 and 1.0 sec in the central region.
We find that there are three types in the quark matter formation — the first order
transition, the crossover transition, and the CP sweep, where the BH formation profile
goes below, above and through the critical line in asymmetric matter. In the case of the
first order transition, we have three (hadronic, co-existing, and quark matter) layers in
the proto-neutron star, while there is no layer structure when the quark matter is formed
via cross over transition. The second bang scenario is based on the first order transition.
In the cross over formation, the pressure suppression is not expected, and the horizon
formation may be delayed. In the CP sweep case, the three layers merges to be one at
the time of CP sweep. Depending on the EOS in the mixed phase, we may have some
kind of instability of the layer structure.
Finally we discuss the phase transition in neutron stars. The reduction of TCP in
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FIGURE 2. Phase boundary surface in (T, µB , δ µ ) space in PQM (solid lines for the first order transition, and dashed lines for cross over transition) and the neutron star matter chemical potential (µB , δ µ ) in
Shen EOS (dot-dashed line).

asymmetric matter results in the disappearance of the first order transition at large δ µ
even at T = 0. If this applies to neutron star matter, the pressure reduction is weakened
at the phase transition. This may be related to the existence of 2 solar mass neutron
star [21]. In Fig. 2, we compare the phase boundary surface in PQM with the (µB , δ µ )
relation in neutron star matter obtained in Shen EOS [2]. We find that the isospin
chemical potential in neutron stars is large enough, where the first order phase transition
disappears when we take the vector-scalar coupling ratio gv /g = 0.2. It should be noted
that, however, this result is sensitive to the model details and probably to the existence
of inhomogeneous phases [22].

SUMMARY AND DISCUSSION
In this proceedings, we have discussed the possibility to probe the high baryon chemical
potential (µB ) region of the QCD phase diagram during the prompt black hole (BH) formation. We have compared the phase boundary obtained in the chiral effective models
with the thermodynamical variables (T, µB , δ µ ) in the neutrino-radiation hydrodynamical calculation of gravitational collapse of a 40 M star leading to black hole formation.
For this comparison, we find that the nuclear matter asymmetry or the isospin chemical potential δ µ plays an important role. The present work is based on the comparison
of the hydrodynamical simulation results using hadronic EOS with the phase boundary
in chiral effective models of quarks. While it is desired to compare the results using
the combined EOS which is applicable both in hadronic phase and quark-gluon phase,
the present comparison is relevant provided that the combined EOS respects the known
properties of nuclear matter EOS at low T and µB .
The transition chemical potential in symmetric matter at T = 0 is found to be in the
range of µc = (1000 − 1110) MeV in the chiral effective models considered here. We
can compare these values with the highest baryon chemical potential realized during
the BH formation, µB = 1300 MeV. Thus it is probable that quark matter is formed
during the BH formation. We have found that there are three types in transition to quark
matter during the BH formation. When the thermodynamical trajectory go below, above,
or through CP in asymmetric matter, the QCD phase transition proceeds via the first
order transition, the cross over transition, or the CP sweep. Observational consequence
of the CP sweep is not clear. In the talk, we argued that three layers of quark, mixed,

and hadronic matter in the proto-neutron star merges to one layer at a time when CP
is swept. In order to obtain quantitative results, it is necessary to examine the results
using the combined EOS. Once the CP location is specified, it constraints the model
Lagrangian form and parameters strongly.
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