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Heavy quarks (charm and bottom) are sensitive
probes of the Quark-Gluon Plasma (QGP) created
in high-energy nuclear collisions. The modification
of their phase-space distributions in the QGP reflects
strongly the dynamics because they are generated in
the early stage of collisions, not destroyed by the strong
interaction and subsequently propagate through the
QGP. Therefore, the transport properties of the QGP,
the diffusion coefficient D, can be studied from the
measurements of heavy quarks.
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Fig. 1. The invariant yield of charm and bottom hadron

decay electrons as a function of pT.

The PHENIX collaboration at the Relativistic
Heavy Ion Collider has measured the large modifica-
tion of the momentum and angular distributions of
inclusive heavy flavor decay electrons in the QGP.1)

Recently the silicon vertex detector was installed in
PHENIX to measure precisely the displaced vertices,
where the distribution of the distance of closest ap-
proach (DCA) of the track to the primary vertex allows
the separation of electrons from charm and bottom
hadron decays. PHENIX silicon vertex detector has
achieved a sufficient DCA resolution, approximately
60 µm at pT > 2.5 GeV/c, for the separation because
heavy flavor hadrons have the longer life time, cτ(D0)
= 123 µm, cτ(B0) = 456 µm. PHENIX has estab-
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lished the unfolding method to a separation of charm
and bottom hadron decay electrons using Bayesian in-
ference techniques applied simultaneously to the yield
and DCA distributions.2)

In 2014–2016, PHENIX collected 20 billion events in
Au+Au at

√
s
NN

= 200 GeV, which is 20 times larger
than the 2011 dataset. This dataset allows to measure
the charm and bottom yields as a function of a colli-
sion centrality and impose a strong constraint on the-
ory. The invariant yield of charm and bottom hadron
decay electrons in the most central Au+Au at

√
sNN =

200 GeV is measured in the 2014 data set as shown in
Fig. 1.
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Fig. 2. The bottom electron fraction as a function of pT
compared to model predictions.

The bottom electron fraction (b→e/c + b→e) is
compared to model predictions as shown in Fig. 2.
Based on model predictions, we find that the diffu-
sion coefficient of QGP is approximately 4 m2/s which
indicates the strong coupling of QGP, and the radia-
tive energy loss model can reproduce well at high pT
(> 5 GeV/c).3)

References
1) A. Adare et al., Phys. Rev. Lett. 98, 172301 (2006).
2) A. Adare et al., Phys. Rev. C 93, 034904 (2016).
3) K. Nagashima et al., Nucl. Phys. A 967, 644 (2017).

Supernova equation of state based on realistic nuclear forces†
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The equation of state (EOS) for hot nuclear matter
is one of the main ingredients in astrophysical sim-
ulations, such as core-collapse supernovae, cooling of
protoneutron stars, black hole formations, and binary
neutron star mergers. In order to describe the proper-
ties of nuclear matter in these simulations, a nuclear
EOS table containing various thermodynamic quanti-
ties in wide ranges of the baryon number density nB,
proton fraction Yp, and temperature T is necessary.
Therefore, it is not an easy task to construct a nuclear
EOS suitable for the astrophysical simulations. In fact,
a limited number of nuclear EOSs are currently avail-
able for the core-collapse simulations.1) Furthermore,
high-density uniform matter is treated with the phe-
nomenological models in those EOSs. Under these cir-
cumstances, we have recently constructed a new nu-
clear EOS table based on realistic nuclear forces.2)

For uniform nuclear matter, the EOS is constructed
with the cluster variational method. At zero tempera-
ture, we calculate the energy per nucleon as an expec-
tation value of the realistic nuclear Hamiltonian com-
posed of the Argonne v18 two-body and Urbana IX
three-body potentials with the Jastrow wave function
in the two-body cluster approximation. The obtained
energies for pure neutron matter and symmetric nu-
clear matter are in good agreement with the results
of the more sophisticated Fermi hypernetted chain
(FHNC) variational calculations by Akmal et al.3) At
finite temperature, the free energy per nucleon for uni-
form nuclear matter was calculated with an extension
of the variational method by Schmidt and Pandhari-
pande.4) The obtained results for pure neutron matter
and symmetric nuclear matter are also in good agree-
ment with those obtained using FHNC calculations.5)

For non-uniform nuclear matter, we adopt the
Thomas-Fermi approximation following the method by
Shen et al.6) In this method, non-uniform nuclear mat-
ter is assumed to be a mixture of free neutrons, free
protons, alpha particles, and a single species of heavy
nuclei that is located at the center of a Wigner-Seitz
cell in a body-centered cubic lattice. We then calcu-
late the free energy per nucleon for non-uniform matter
by minimizing the average free energy density of the
Wigner-Seitz cell with respect to the parameters spec-
ifying the density distributions of particles in the cell.
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Table 1. Ranges of temperature T , proton fraction Yp, and

baryon mass density ρB in the table of the variational

EOS. At the top of the last column, “+1” represents

the case at T = 0 MeV.

Parameter Min Max Mesh Number

log10(T ) [MeV] −1.00 2.60 0.04 91 + 1

Yp 0 0.65 0.01 66

log10(ρB) [g/cm
3] 5.1 16.0 0.1 110

Finally, we determine the thermodynamically favor-
able state for each nB, Yp, and T , by comparing the
free energy for non-uniform nuclear matter with that
for uniform nuclear matter. The obtained free energy
and related thermodynamic quantities are tabulated in
ranges of nB, Yp, and T , as shown in Table 1. Here,
the baryon mass density ρB is defined as ρB = munB

with mu being the atomic mass unit.
The obtained EOS for various nB, Yp, and T is rea-

sonable as compared with the Shen EOS.6) It is also
found that the critical temperature with respect to the
liquid–gas phase transition decreases more moderately
with Yp for our EOS. Furthermore, masses of heavy nu-
clides are slightly larger than those of the Shen EOS in
neutron-rich nuclear matter. As reported in Refs. 2, 7),
those results are caused by the fact that the density
derivative coefficient of the symmetry energy L of our
EOS is smaller than that of the Shen EOS.

To the best of our knowledge, this is the first nuclear
EOS for astrophysical simulations based on realistic
nuclear forces. In the near future, we will extend the
present EOS so as to take into account the additional
hyperon degrees of freedom at finite temperature, be-
cause the hyperon mixing is expected to strongly affect
the EOS of dense matter at high densities. In fact, we
have already calculated the EOS of hyperonic matter
at zero temperature by using the cluster variational
method.8)

The EOS table constructed in this study is open for
general use in the studies of nuclear physics and astro-
physics. The complete EOS table is available on the
Web at http://www.np.phys.waseda.ac.jp/EOS/.
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