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Introduction



Massive Neutron Star
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Figure 3 | Neutron star mass-radius diagram. The plot shows non-rotating
Figure 2 | Results of the MCMC error analysis. a, Grey-scale image shows the
P. Demorest, et al. Nature 467, 1081 (2010)

To support the massive neutron stars whose masses are larger than two times the solar mass, it was found that

the equation of states for dense matter had to be sufficiently hard.

B. P. Abbott, et al. [LIGO Scientic and Virgo Collaborations],
Phys. Rev. Lett. 121, no. 16, 161101 (2018)

The tidal deformability constrained via the GW170817 observation requires a relatively soft equation of states.



Speed of Sound

4.2, The Mass and Radius of PSR JO740+6620
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Quarkyonic Matter

The quarkyonic matter is a hypothetical new phase matter occurring at high baryon density and

temperature T < AQCD-
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If the quark Fermi momentum is large enough(kr > Aqcp), the quark distributed around Fermi surface

will be confined into the baryon-like state.

Then, the baryon momentum phase space distribution has a shell-like distribution due to the Pauli

blocking effect from the quasi-free quarks occupying the lower distributions.



Quarkyonic Matter

At low baryon density quarkyonic matter resembles nuclear matter.

At high density the fermi distribution function of quarkyonic matter is different from purely

hadronic or quark matter.

Within the quarkyonic matter framework, nucleon and quark degrees of freedom are described

with a single fermi distribution function.
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Excluded volume model

e To be more realistic

Lattice QCD study for hadron interaction (HALQCD T. Hatsuda et al)
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Quarkyonic-like baryon shell structure
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Baryon-baryon interaction in lattice QCD (SU(3) broken)
BB S-wave potentials ootr
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Hard cord repulsive interaction
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Comparison with Lattice QCD

SU(3) symmetric case
SU(3) broken case
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Quarkyonic Configuration



Quarkyonic configuration

In the low momentum region, quark Fermi sea appears smoothly near the origin of the phase space.

Above the quark modes, due to the presumed Pauli blocking effect, the confined quarks take the higher

momentum region of the phase space through a shell-like baryon distribution in the phase space.
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For a given total baryon number density, the transition to the quarkyoniclike configuration occurs if the

nontrivial minimum of the free energy (where ng # 0) is obtained.
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Quarkyonic configuration

The free energy density at T — 0 can be written as
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where E, (k) and E,, (k) represent the single baryon and quark energy at each phase cell, respectively.

The extremization condition at a given total baryon density ng can be found as
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Key Points

2. Hard-core interaction from a constituent quark model

1
3. r=-
k

While the energies will be expressed in terms of the position and momentum coordinates, we
can express them into momentum coordinates since the lowest energy mode of the fermions

satisfy the minimum uncertainty.



Quark model approach |



Quark model approach

Excitation energy of the quark

A A

Excitation energy of the Baryon

N A
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Quark model approach

Excitation energy of the quark

A A

4-quark configuration

Excitation energy of the Baryon
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Hamiltonian
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Baryon excitation

Baryon excitation
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Quark excitation

Quark excitation

o o ole , ;-
r=0 r=r,
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4
= N(N —10) + 55(S +1) + 4Cr +2Cc.

x = —8 for both nucleon and ud diquark.

- The excitation of a d quark will not cost any color-spin energy as the attractive (ud) diquark remains intact.



Quark excitation

Quark excitation
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Results
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FIG. 5. AE where R, = 0.7. Here, np is a normal nuclear density.



Results
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Quark model approach i



Color-spin interaction
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Quark excitation

1 quark + 1 baryon 1 quark + 2 baryons 1 quark + 3 baryons
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1 Quark + 1 Baryon : 4-quark state

|
Color : ,  Flavor @ Spin : |

Flavor states of 4 quarks : 8 x3=3+6+15
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1 Quark + 2 Baryons : 7-quark state

Color : ., Flavor @ Spin :
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1 Quark + 3 Baryons : 10-quark state

Color : ,  Flavor @ Spin :
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Quark excitation

1 quark + 1 baryon 1 quark + 2 baryons

Baryon excitation

1 baryon + 1 baryon 1 baryon + 2 baryons

1 quark + 3 baryons
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1 baryon + 3 baryons
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Diquark excitation

1 diquark + 1 baryon 1 diquark + 2 baryons

@) (N (N ) @ (N

Delta excitation

1 baryon + 1 baryon 1 baryon + 2 baryons

1 diquark + 3 baryons
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1 baryon + 3 baryons
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Summary

1.

Based on the fact that the constituent quark model reproduces the recent lattice result
on baryon-baryon interaction at short distance, we analyzed to what extent the

quarkyonic modes appear as one increases the density.

We analyzed the excitation modes of the baryon and quarks in the presence of a

neighbouring nucleon.

We found that the initial excitation may involve the d-quark from a neutron, which will

leave the most attractive (ud) diquark intact.

Excitation energy of the quark Excitation energy of the Baryon

. r
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