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Outline

1. Conformality from pQCD: Neutron-star favors conformal EoS
Y. Fujimoto, K. Fukushima, L. McLerran, M. Praszalowicz, PRL129 (2022)

2. Duality implied from large-Nc QCD: Quarkyonic matter
Y. Fujimoto, T. Kojo, L. McLerran, PRL132 (2024 ); in preparation

a) confinement-deconfinement at high baryon density
b) Quarkyonic shell structure from duality

c) Implications to hyperon puzzle
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Conformal Limit

Weak coupling limit &, — 0 is achieved when € — 0.
The pQCD EoS has properties in this conformal limit as:

a

2
Trace anomaly: € — 3P ~ ﬁo/ﬁ (—S) — ()

JU

dP 1 1
Sound speed: pr=— ~ g— — —

s T g N2 3
¢ 1+ﬁ0(7s)

NB: at the intermediate density, below the perturbative regime,
e — 3P = 0 and v> = 1/3 are different conditions
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Trace anomaly and effective d.o.f. in NSs

Y. Fujimoto, K. Fukushima, L. McLerran, M. Praszalowicz, PRL129 (2022)
- Trace anomaly: Bayesian inference from NS data w/o pQCD input:

related to the changes in the effective  °°[ 0.04
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Trace anomaly and effective d.o.f. in NSs

Y. Fujimoto, K. Fukushima, L. McLerran, M. Praszalowicz, PRL129 (2022)

- Trace anomaly: Bayesian w/ pQCD input: pQCD
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Positive trace anomaly favored by QCD effect
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Trace anomaly and peak In sound speed

Y. Fujimoto, K. Fukushima, L. McLerran, M. Praszalowicz, PRL129 (2022)

Normalized trace anomaly: Sound speed:
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Rapid approach to € — 3P — 0 drives the peak in VSZ
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Quarkyonic matter

Looks very similar!”?

Model EoS of Quarkyonic matter
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Confinement at high baryon densities

Collins & Perry (1974): Naive picture of quark deconfinement at high density
In weak-coupling regime at high density, quarks Iiberate
Q0 Ay
OO ‘ O ‘
Baryon density ng
Baryon chemical potential i

This is led by screening of the confinement potential

e
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Confinement at high baryon densities

McLerran & Pisarski (2007): Quarkyonic duality

In Large-/V,. QCD...

_ 2 2. .2 2
p = uplN, Mp ~ 8§ H ™~ /l’t HooftH /Nc — 0 cf) T ms ~ g*N.T*
wﬂﬂ{}ﬂ@ﬂw ~ A HOOﬁT2

... confinement is never affected by quarks!

Dense QCD matter can be described either as
- Confined baryons (because confining interaction is never screened)
- (Weakly-coupled) Quarks
— implies duality (paradox?) between quark and confined baryonic matter

o | Quark yonic
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... confinement is never affected by quarks!

. . , ,
Dense QCD matter can be described either as mi < Adep = p < /N Aocp
- Confined baryons (because confining interaction is never screened)

- (Weakly-coupled) Quarks 1 > Aocp
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Confinement at high baryon densities

McLerran & Pisarski (2007): Quarkyonic duality

In N. =3 QCD...

_ 2 2. .2 2
i = uplN, mp ~ 8~ Ay HooftH /N, ct) T mg, ~ g*N.T*
% ~ A HOOﬁT2

_.. confinement is less affected by quarks!
inefficient deconfinement compared to finite-T case

Speculation:
Duality persists in finite-Nc, i.e.,

Dense QCD matter can be described either as baryons and quarks at

Ngcp < H <A/N Agcp --- Quarkyonic regime
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Trace anomaly and effective d.o.f.

Y. Fujimoto, K. Fukushima, L. McLerran, M. Praszalowicz, PRL129 (2022)
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Quarkyonic “shell” model
McLerran & Pisarski (2007):

To resolve the duality “paradox”, the
following picture of Fermi shell of
baryons is proposed:

Fermi sea: dominated by interaction _
that is less sensitive to IR S shell 0
— quarks

Fermi sea of
quarks

Yuki Fujimoto (INT, U Washington) 21/32

Fermi shell: interaction
sensitive to IR d.o.f.
— baryons, mesons, glues...

see also: Jeong,McLerran,Sen (2019)



McLerran & Pisarski (2007):

To resolve the duality “paradox”, the
following picture of Fermi shell of
baryons is proposed:

Fermi sea: dominated by interaction

Quarkyonic model for neutron stars

McLerran,Reddy (2018):
Quarkyonic model applied to NS EoS:
1.0 .

ermi shell o

that I1s less sensitive to IR
— quarks

Fermi shell: interaction
sensitive to IR d.o.f.
— baryons, mesons, glues...

see also: Jeong,McLerran,Sen (2019)
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can reproduce rapid stiffening in EoS
(the only robust feature confirmed in NS EoS)
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Quarkyonic model for neutron stars
McLerran,Reddy (2018):

Quarkyonic model applied to NS EoS:
1.0 . . . . .

— Quarkyonic-Nuclear Matter
----- Non-Int. Nuclear Matter
0.8F — Quarkyonic-Neutron Matter | -
----- Int. Neutron Matter
0.6+
N »
S
0.4+
0.2"
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quarks 00 $35 10 15 20 25 3.0
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can reproduce rapid stiffening in EoS
This talk: reinterpretation of this baryon shellnfirmedin NS Eos)
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Duality in Fermi gas model
Kojo (2021); Fujimoto,Kojo,McLerran (2023)

Implement duality in Fermi gas model
(= simultaneous description in terms of baryons & quarks)

Fermi gas model w/ an explicit duality: 0 < £ < 1 Pauli exclusion
e = | Ex(b)fn(k) = | Enq)n(q) SR
Ik B fB Ik Q QfQ q Ey(k) = \/kz + M]%, . Ideal baryon

ng = Jk fe(k) = Jq /(@) dispersion relation
»(q)

G’,yk

Modeling of confinement:

fo@ = [ #(a =5 )fs®

k
CI—VC
ldeal dual Quarkyonic model (IdylliQ model)

Vuki Fuimoto (INT. U Washington)  — FiNd @ solution for fg and fQWIth minimum ¢ at a given ny .



Solution of IdylliO model

Kojo (2021); Fujimoto,Kojo,McLerran (2023)

At low density...

Fermi-Dirac distribution Quarks do not fill up
for baryons the Fermi sea yet
R ' 1.0 o
0.8 Ng = 0.1 No
f 0.6
Q 0.4}
0.2
0.0 | | | , 0.0 pro-t-rm—— . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Baryon momentum k [GeV] Quark momentum q [GeV]
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Solution of IdylliO model

Fujimoto,Kojo,McLerran (2023)

At sufficiently high density...

Fermi_Dirac distribution Quark ObeyS the FD diStribUtion
for baryons is modified (with a tail from confinement)
1.0f-—------- A mmmmmme- —— ' - 1.0 S S R -
0.8¢F 0.8 Ng = 6.0 MNo
0.6 f 0.6
fB 0.4 Q 0.4
0.2¢ 0.2
fg = 1/N?
0.0 F-——-——-- R S S 0 Yo ) B — — — S i
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Baryon momentum k [GeV] Quark momentum q [GeV]
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Equivalence to Quarkyonic model
Fujimoto,Kojo,McLerran (2023)

At sufficiently high density...

ermi shell o
barvons

Fermi-Dirac distribution
for baryons is modified

1.0 f--mmmmmmm e :
Shell Fermi sea of
T ) quarks
0.8 BaryOn McLerran,Pisarski (2007)
McLerran,Reddy (2018)
0.67 Jeong,McLerran,Sen (2019)
f Constrained by
0.4} —onst - - SRS
B pauli principles of quark Fermi sh.ell. structure arises |.nfB o
0.2+ — reflects “Quark” nature : (Note: this is purely baryonic description)
fg =1/N¢

0.0 F—m - ———— — i _ _ _ _

0.0 55 Y e '8 0 This picture is equivalent to

McLerran-Reddy model of the NS
based on the McLerran-Pisarski picture
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Rapid stiffening in the EoS

Fujimoto,Kojo,McLerran (2023)
A partial occupation of available baryon phase space leads to large sound speed:

If baryons have underoccupied state, the change in density is small
while the change in Fermi energy ( ~ ky) is large

/1 J5 1

/N —

v

k
k «—
' Ak, F

— Favor the crossover from nucleons to quarks over first-order phase transition
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Summary

- Conformality of the EoS: Neutron-star data suggests EoS may be conformal
(signature of quarks?), leading to peak in the speed of sound

- Quarkyonic matter: duality between confined baryons and weakly-coupled quarks

- Saturation of quark momentum distribution
— under-occupied states in baryonic momentum distribution
(modification from Fermi-Dirac distribution)

- Implication to hyperon puzzle:
Because of the saturation in d-quark states,

1) The threshold of hyperons shifted to a higher i
2) The softening in the EoS is milder
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