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New proposal: HAD_07

Aim: to identify observable signatures of Quarkyonic Matter 
by connecting its equilibrium equation of state to dynamical transport modeling
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What is Quarkyonic?

2Yuki Fujimoto (Niigata)

From https://www.wiktionary.org/

Quarkyonic matter arises in hot/dense QCD matter 
- heavy ion collisions / neutron stars, etc…

… a kind of duality

Coined in McLerran,Pisarski (2007)
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Quarkyonic Matter in the QCD phase diagram
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McLerran,Pisarski (2007); Fukushima,Hatsuda (2010)
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Why it matters?
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Emerging picture of dense QCD equation of state (EoS) from neutron stars 
the plot of speed of sound

…largest hint we have so far
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Why it matters?
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GW170817: 
small tidal deformability

Observations of heavy 
neutron stars ∼ 2M⊙

Weak-coupling quark matter 
v2

s ≈ 1/3
e.g. Gorda,Komoltsev,Kurkela (2022); 

Komoltsev, Somasundaram et al. (2023)

e.g., Bedaque,Steiner (2015); 
Tews, Carlson et al. (2018); 

Fujimoto,Fukushima,Murase (2019)

LIGO-Virgo (2017); 
e.g. Annala et al. (2017); 

Drischler, Han et al. (2020)

Emerging picture of dense QCD equation of state (EoS) from neutron stars 
the plot of speed of sound
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Why it matters?
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Phenomenological nuclear EoS

Phenomenological nuclear EoS describes the behavior well up to certain density…

Akmal,Pandharipande,Ravenhall (1998)

Weakly coupled quarks
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Why it matters?
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Phenomenological nuclear EoS

Phenomenological nuclear EoS describes the behavior well up to certain density…

Akmal,Pandharipande,Ravenhall (1998)

Intermediate regime seems 
to favor Quarkyonic: 

dual description by 
hadrons or quarks
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Existing theoretical progress
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fB

 Defining characteristic feature of Quarkyonic matter: 
modification of baryon Fermi-Dirac distribution

Fujimoto,Kojo,McLerran, PRL 132 (2023)

Low momentum part is suppressed 
due to the Pauli principle of quarks in baryons

Bluhm,Fujimoto,Nahrgang, 2604.00247
this can be understood fundamentally on the statistical mechanical ground
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Characteristic equilibrium signatures
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Modeling of the QCD equation of state Possible onset of quark Pauli principle 
in the QCD phase diagram

McLerran,Reddy, PRL 122 (2019)
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FIG. 2. (Color online) The speed of sound in Quarkyonic
matter (solid-curves) and in matter containing only nucleons
(dashed-curves) are shown. The blue curves are obtained for
iso-spin symmetric nuclear matter containing equal numbers
of neutron and protons, and the black curves are for iso-spin
asymmetric matter containing only neutrons.

nuclear matter to pure quark matter leads to a reduc-
tion in the pressure. Typically such transitions are first-
order and soften the EOS even in the presence of a mixed
phase containing spatially separated quark and hadronic
phases[26].

Thus far we have neglected nuclear interactions. At
low density, attractive nuclear interactions bind nucle-
ons in nuclei, and uniform symmetric nuclear matter is
stable at higher density due to repulsive hard-core inter-
actions. In nuclear models the speed of sound increases
largely due to these hard-core interactions. In contrast,
since the nucleon density in the Quarkyonic phase satu-
rates at nB / ⇤3

QCD, nuclear interactions do not change
the qualitative behavior seen in Fig. 2. However, nu-
clear interactions are quantitatively important and will
be relevant in the following when we discuss the EOS of
neutron matter in the context of neutron stars.

To describe neutron star matter we need to impose
local charge neutrality and beta-equilibrium. These con-
straints restrict the proton fraction to be . 10%. For this
reason, we will approximate matter to consist of only
neutrons. At a given baryon density nB , the neutron
Fermi momenta is denoted by kFB and the up and down
quark Fermi momenta are denoted by kFu and kFd, re-
spectively. We set kFd = (kFB ��)/3 for kFB > � and
kFu = 21/3 kFd to ensure charge neutrality.

Calculations of the EOS of neutron matter and their

use in constructing neutron stars have established the
importance of interactions between neutrons. These in-
teractions are attractive when nn . n0 and repulsive for
nn & n0 where nn is neutron number density[13, 14, 27].
This transition determines the radius of NS with mass
M ' 1.4 M� [28]. To incorporate interactions we adopt
a simple fit to microscopic calculations of neutron matter
from Ref. [29] where the energy density due to interac-
tions for nn < 2n0 was well approximated by

Vn(nn) = ã nn

✓
nn

n0

◆
+ b̃ nn

✓
nn

n0

◆2

. (6)

Here the coe�cients ã = �28.6± 1.2 MeV and b̃ = 9.9±
3.7 MeV are chosen to bracket the uncertainties due to
poorly constrained three-neutron forces [14, 15]. Further,
making the assumption that the interaction energy of
neutrons in the shell is only a function of nn, the energy
density of Quarkyonic matter is
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and the total baryon density is

nB = nn +

�
k3Fd + k3Fu

�

3⇡2
. (8)

The chemical potential and pressure are µB = (@✏/@nB)
and P = �✏+ µBnB , respectively.

FIG. 3. (Color online) EOS of Quarkyonic Matter and neu-
tron matter. The model is discussed in the text.

In Fig. 2 the solid black curve shows c2s in Quarkyonic-
neutron matter. Here we include the interaction contri-
bution between neutrons in the shell. c2S in pure neu-
tron matter is also shown as the black dotted curve for
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The missing piece: dynamics and transport
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Key question: How does Quarkyonic Matter evolve in hot and dense matter?

Equilibrium properties: not directly observable in heavy-ion collisions 
or in binary neutron star mergers

We know equil. properties such as: 
- Equation of state 
- Quark/hadron phase space distribution

We need non-eq. properties such as: 
- Transport coefficients 
- Fluctuations & correlations 
- Kinetic/hydrodynamic formalism taking into account 

Quarkyonic features such as quark Pauli principles
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France-Japan complementarity, work plan (HAD_07)
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French side 

Heavy-ion physics 

Transport modeling 

(Chiral-fluid model)

Japanese side 

Neutron-star physics 

EoS modeling 

(Quarkyonic model)

Joing goal 

Observable signagures 

Dynamical simulations 

Testable predictions

Later stage 
• compare with HIC observables  
+ connect with NS constraints 

• prepare new joint publications 
• involve younger participants, students

Year 1 
• formulate common EOS/transport input 
• continue ongoing projects 
• dedicated discussions during Japan visit

cf. already successful collaboration: 
Bluhm,Fujimoto,McLerran,Nahrgang, PRC 111 (2025) 

Bluhm,Fujimoto,Nahrgang, 2604.00247
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Example: neutrino transport
- Observable signature of Quarkyonic Matter in astrophysical observation? 
→ Post-merger signal 

- Post-merger depends on the transport property 
→ Bulk viscosity / thermal conductivity is believed to be dominant 

- Effect of heat conduction by neutrinos?
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from: Dietrich,Hinderer,Samajdar (2020)

Alford,Bovard,Hanauske,Rezzolla,Schwenzer (2018)
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Example: neutrino transport
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94 5 Neutrino emissivity and cooling of the star
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Fig. 5.2 Neutrino self-energy Σν andW -boson polarization tensorΠ needed for the neutrino emis-
sivity from the quark Urca process.

end of Sec. 4.3. However, in the present context of neutrino emissivity, we are only
interested in the qualitative features of the gapped modes. Thus we shall ignore this
complicated structure of the propagator and temporarily set µu = µd . Only when we
compute the emissivity from the unpaired modes we shall reinstate the difference in
up and down chemical potentials.
Next we need to set up the equation that determines the neutrino emissivity. One

possible formalism is the finite temperature real-time formalism. We shall not ex-
plain this formalism but refer the reader for more details to the textbooks [5] and [6].
For our purpose it is enough to know that the real-time formalism can be used for
nonequilibrium calculations. Therefore it is well suited for transport properties and
neutrino emissivity. Since these properties are always close-to-equilibrium proper-
ties, one often simply uses an equilibrium formalism, such as the imaginary-time
formalism, and adds whatever is needed as a small out-of-equilibrium feature by
hand. In the real-time formalism we can start from the kinetic equation

i
∂
∂ t
Tr[γ0G<

ν (Pν)] =−Tr[G>
ν (Pν)Σ<

ν (Pν)−Σ>
ν (Pν)G<

ν (Pν)] , (5.13)

whereG>
ν andG<

ν are the so-called “greater” and “lesser” neutrino propagators, and
Pν is the neutrino four-momentum. The greater and lesser propagators are obtained
from the retarded propagator in the same way as given in Eqs. (5.14) for the case of
theW -boson polarization tensor. The trace in Eq. (5.13) is taken over Dirac space.
The two terms on the right-hand side correspond to the two directions of both pro-
cesses (5.7a), i.e., there is a neutrino gain term from d→ u+e+ ν̄e, u+e→ d+νe,
and a neutrino loss term from u+ e+ ν̄e→ d, d+νe → u+ e. Since neutrinos, once
created, simply leave the system, only the gain terms, namely the directions given in
Eq. (5.7a), contribute. The neutrino self-energies Σ<,>

ν are given by the diagram in
Fig. 5.2. The present formalism amounts to cutting this diagram. The figure shows
that a cut through the internal u, d, and e lines produces two diagrams which rep-
resent the Urca process. One part of the neutrino self-energies are the W -boson
polarization tensorsΠ<,>, as shown diagrammatically in Fig. 5.2. They are defined
through the imaginary part of the retarded polarization tensor ImΠR,

ν ν ν

Z0Z0
q

   
1
V

d3σ
d2ΩdE′ ν

= ∝ Im( Lμν Πμν )

Lμν

Πμν

cf) References: 
Iwamoto (1980); Carter,Reddy (2000); 
Alford,Nishimura,Sedrakian (2014)…

Transport coefficient is calculated rigorously from the cross section 
within variational formalism Arnold,Moore,Yaffe (2000)

Collective effect in hot/dense QCD matter 
(phenomenology from heavy-ion collisions)

 cross section standard formula:νq → νq

fB

Modification of the formula in 
Quarkyonic matter? 

(quarkyonic framework)
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Summary - expected outcomes for HAD_07
- Quarkyonic matter is crucial to QCD matter study at finite baryon density: 

  - Heavy-ion collisions (FAIR@GSI, J-PARC-HI, CERN …) 
    & binary neutron star mergers 
  - Development of transport framework is urging task 

- Already several successful joint publication records: 
  [1] M. Bluhm, Y. Fujimoto, L. McLerran, M. Nahrgang, Phys. Rev. C 111 (2025) 
  [2] M. Bluhm, Y. Fujimoto, M. Nahrgang, 2604.00247 
  + more to come in the near future as an outcome from this TYL/FJPPN network 

- Broadening the bilateral collaboration to broader network: 
  - Young researcher involvement (students from Nantes and Niigata) 
  - Connecting to the existing France-Berkeley network / FKPPN
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Merci 
감사합니다 

ご清聴ありがとうございました


