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Dense matter physics
Connection between nuclear physics and deD

Combining the EoSs for hadron and quark phases A. Kurkela et al,, Astrophys.dJ. 789 (2014) 127.
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ng ~ 2.6 GeV, ng = 40ng in the perturbative QCD region
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Imtroduction

Quarkyonic (quarks+baryons) matter

-
L. McLerran and S. Reddy, Phys. Rev. Lett. 122 (2019) 122701, T. Kojo, Phys. Rev. 0,34 (2021) 074005.

The ideal dual quarkyonic (IdylliQ) model: Y. Fujimoto, T. Kojo, and L. D. McLerran, Phys. Rev. Lett. 132 (2024) 112701,

m The nucleon is composed of quarks whose single quark momentum distribution is
supposed to be a Yukawao-type function:

Nuclear fB
( ) 272 e—9/A «f" ~ N3
)= 73 ) Quarkyonic ) Neawu k
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. . ./;‘“Nc‘lhu I
with the typical momentum scale A ~ Agcp. 1 ?g

U ol = i

m This choice allows us to solve the IdylliQ model exactly.

Motivation in the resent study:

@ We investigate a dual description of quarks and baryons in dense QCD matter, focusing on
the quarkyonic regime using | a relativistic confinement potential |

@ We incorporate realistic nucleon-nucleon interactions using the quark-meson coupling
model.
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Theoretical framework

— Theoretical framework —

@ Gaussian quarkyonic (GQ) model in a relativistic framework
@ Quarkyonic quark-meson coupling (QQMC) model
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Theoretical framework w

Quark model with harmonic os.cillotor potential

-
K. Saito, T. Miyatsu, and M.-K. Cheoun, Phys. Rev. D 110 (2024) 113001.

m The quark wavefunction satisfies the Dirac equation:

[ivu0" — m — U(r)]¥g(r, t) =0,

with the scalar-vector harmonic oscillator potential, U(r) = % (14 70) r? (¢ > 0), and the
constituent quark mass, m.

m The lowest-state (a = 0) solution is given by

N 1 > >
r)= . N exp (—r</2a s
va) = 7= (g 1 (o) ) e (/2
232 1
with N2: € ? )\:5+m, 32:7: 3

V/Ta2)2a2 4 3’ Ver - m?’
where a is the length scale and x is the quark spinor.

m The single-particle quark energy, ¢, is determined by /e + m (e — m) = 3\/c.

m In the limit A — oo, this wave function turns out to be the nonrelativistic (NR) one.

“«

m We assume that the strength parameter, “c", respects flavor symmetry. = Hilbert space is
common for all quarks.
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Theoretical framework

Nucleon mass

-
K. Saito, T. Miyatsu, and M.-K. Cheoun, Phys. Rev. D 110 (2024) 113001.

m The zeroth-order energy of the low-lying nucleon, E?, is then simply given by a sum of the
quark energies, EY = 3e.

m The spin correlations, E,f,pi“, due to the quark-gluon and quark-pion interactions.
Here we do not calculate the spin correlation explicitly, but we assume that it can be treated as a
constant parameter which is fixed so as to reproduce the nucleon mass.

. . . 1
m The c.m. correction to the spurious motion: Ef"™ = M
3a%(3e + m)?

My = EY + EN™ — EG™

r (fm) a(fm) c(fm=3) ¢(MeV) EJ (MeV) EP™(MeV) EG™ (MeV)
0.6 0570 1923 670.2 2010.5 ~616.3 455.2
0.7 0.669 1102 592.3 1776.8 —4689 368.8
0.8 0769  0.675 536.3 1608.8 ~365.0 304.8

We fix the root-mean-square radius of proton including the c.m. correction with m = 300 MeV.
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Gaussian quarkyonic (GQrmodel

Gaussian quarkyonic (GQ) model

Quark-baryon duality via the mapping operators NR . Kojo, Phys. Rev. D 104 (2021) 074005,

m Using the gaussian quark wavefunction, the single momentum distribution in a single
nucleon is given by

o(q) = 3233 (%) (1 + z—i) exp (—a’q?), /qso(q) = / %s@(q) ="

|pre-saturation| quark saturation |post-saturation
i fo I
2 O(ks — k D
¥ ( ) e
2 Lo ¥ yn—
q 0 ks = kS k 0 tib fis q 0 ky ks k

(b: bulk, s: shell, c: critical, k, = N.gp, aNd ks = Ncgs)

fo(a, ks) = /k ® (q = NLC) fu (k).
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Gaussian quarkyonic (GQrmodel

Quark distribution above the quark saturation . E

The connection of two segments: completely dUal description

. . .. 2 §
m At the quark saturation density, fo(q = 0, ks = ki*') = 1 = pi* = = (kg
s

m Above p3t, we suppose the nucleon momentum distributions for symmetric nuclear matter:

(k) = 50(ks — k) + 0(ks — KOk — ky),

B ) I

D O(ks — K)O(k — ko)
1 PR ’
“’ e 1/N?
L
0~ & o 0% =N &

3 0ks = K)

R . 1
Continuity condition: fp(0, ks) — (1 - N3> fo(0,kp) =1 | = find k, and ks at a given py
C
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w QMC model

Quark-meson coupling (QMC) model

with a gaussian quark wavefunction K. Saito, K. Tsushima, and A. Thomas, Prog. Part. NucL.Phys. 58 (2007) 1.

@ The Dirac equation in the quark-meson coupling model:
(190" = (m = V&) = 20Vo = < (1 +70) ] (r, 1) = 0,
where Vs = gd5 and Vy = gd@.
@ We define the effective quark mass and single-partial energy as m* = m— Vs and e* = e — V.
@ The total energy per nucleon is then obtained by

2 1 1
€tot/pN - m / dk k2fN(k) M;:Iz + k2 +gw(I) —+ %miaj + mgﬂ}?"

@ The mean-fields are self-consistently calculated through (m2 + g:5) & = g- G, (5)p5, and

m2,& = gupy With the scalar and number density, p3, and py, and the quark scalar
polarizability, G, (7).
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w QQMC model

Quarkyonic quark-meson coueling (QQMCQ) modé E

@ Above p5t, we include the quarkyonic mechanism into the QMC model.
@ The matter effect is taken into account using m* and e*.
@ The modified boundary condition is expressed as

o0, K7) - (1 - m) fa(0.K7) = 1.

@ The €or, pjy, pn Qre also modified:

*

2 /ks ( 1 )/k; s 1 ,., 1 s
€tot /PN = — (1 —— dk k W/M*2+k2+gw&)+—m{,5 + — g5,
e/ ﬂzPN[ 0 N2 Jo N 2pn 2pn

.2 [/k: (1 1 )/ﬂdk 2 My
PN =—5 —-(1-—= —
w2 | Jo N2/ Jo W

_ 2 [ LY,
pN—Q 5 = 1—,\73 b |-

| momentum shell effect |
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Numerical results

— Results —
Quark saturation and nucleon momentum shell

A smearing of the sharp Fermi surface in the nucleon distribution
Pressure and speed of sound in the quarkyonic quark-meson coupling (QQMC) model
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Numerical results

Quark saturation and nucleon momentum shell .

Squared speed of sound
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v Numerical results

A smearing of the sharp Fermi surface in fg

Gaussian quarkyonic model with the minimal €orrection

@ The divergence appears in vZ at p3it.
@ The gap around p4** also occurs in py and

pressure (P) S L L L L L Y I L B >
L X . . o C QQMC (rp, = 0.7 fm) ’,/:
m The minimal correction to cure this problem is I £ {ancomeced] Yl
provided with a smearing of the sharp Fermi € "k L oo o 1
. = b" (uncorre e -
surface, 0(k; — k), in fq. 5 ; F - .
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boundary condition: E T i ]
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(w : a width parameter and v : a positive, real number)
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v Numerical results

A smearing of the sharp Fermi surface in fg
Gaussian quarkyonic model with the minimal €orrection
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Numerical results

Pressure oand speed of sound
in the quarkyonic quark-meson coupling (QAMC) model

d
(P = pnpn — €tot) |Squored speed of sound | (v = p—Nﬂ)
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v The shaded areas represent the constraints from analyses of heavy-ion collision (HIC) data:
skyblue: P. Danielewicz, et al, Science 298 (2002) 1592, C.Fuchs, Prog. Part. Nucl. Phys. 56 (2006) 1, green: D. Oliinychenko, et al,, Phys. Rev. C 108 (2023) 034908.
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Summary

Summary

. -
This work was supported by the NRF of Korea (Grant Nos. $-2025-16071941, RS-2028-00242196, and RS-2021-NR060129).

@ We have investigated a dual description of quarks and baryons in dense QCD matter,
focusing on the quarkyonic regime.

@ Based on the momentum-shell picture, we have adopted a relativistic confinement
potential of the scalar-vector harmonic oscillator type to describe confined quarks and
explore quark-hadron continuity at high densities.

Quarkyonic quark-meson coupling (QAQMC) model:

m We have highlighted the role of | quark saturation | and calculoted the equation of state for
symmetric nuclear matter and the speed of sound.

m Using |the quark-meson coupling (QMC) model |, we have demonstrated that the dual
description can be consistently connected to nuclear matter phenomenology.

m This study provides a new theoretical perspective on the possible realization of quarkyonic
matter and quark-hadron continuity in strongly interacting matter.
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Thank You for Your Attention.

T. Miyatsu et al. — A dual description of quarks and baryons: Quarkyonic matter within a relativistic quark model — 15/15



Summary

— Appendix —
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Summary

Nucleon chemical potential in the QQMC model

BN = dEtot/dl—’N

My (GeV)
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