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* Nucleon weak f-equilibrium
v+p+e «<n (+N)
(N+H)p+e ->n+v
leads to p, + p, = p,

* Baryon number conservation:

n,+n, = ng

* Local charge neutrality:
n,+n, =0
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* Mechanical equilibrium
|Lorder Transition  P,,.=Pu="P
““““ — Maxwell construction » Strong equilibrium

Wy, =W, +2U;= N

* (Modified) Urca process
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Problem of Gibbs Construction

e e.g. volume fraction f = 0.5:

2n, —n, — n,
d n,=fn,n+ 0 =1)n,,

9

Surface energy increases — «— Coulomb energy increases

* Gibbs construction assumes infinite mixing leading to infinite boundary.
* Gibbs construction is realistic only when surface tension is negligibly small.

* The amount of boundary reflected on the charge neutrality condition.



Between Maxwell & Gibbs

Partially local & partially global

Leptron ratio Yep = Niep/ng

* Locally neutral lepton densities:
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Between Maxwell & Gibbs

Extend to finite temperature: 129]

 Relativistic Fermi integrals, 100:

JEL polynomials.

* Introduce anti-particles as, 801
He— = = He+ % 60
Hy- = — Ky~ :

P = = Py 0
Ha- = — Hg+ 50!
He— = — Uy~

* Add photon contribution,

€ x T*

Sy
y
~~

~

\. k.\\\\.\\ \:N\\\ \\\ T
N, N \\\\\\ \\\
N \':\i\\,\\\\\\ =~ \\\
N\, \:\’\\. \\\\\\ AN
_ N, NN NN N N _
g = 0(G) \, NONN AN N
g=0.2 \ NOAN NN N
' \ \ AN VNN N
g=0.4 \ \ AN A A _
g=0.6 \ \ W\ A Y
—08 \ \ \_\_\ Loy
g=Vv. \ \ \\\ Lo
g = 1(M) \ |1l Lo
I !

quark phase

ol (.
a .y —
Sy ~y w —_y ~ ol y

~hadronic ™ NSSEss-- T
phase

ZL+VvMIT
B-equilibrium_

arXiv: 24 XX . XXXXX

900 750 1000 1250 1500

u (MeV)

1750 2000


https://arxiv.org/abs/2302.04289

1

Between Maxwell & Gibbs

Y.=01 T=10MeV 7=0.3 Ye=01 T=50MeV 75=0.3
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Hadron-quark Transition in Neutron Star Core

p(e) arXiv: 24xX.XXXXX
arXiv: 2302.04289
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oft hadronic EOS T

Maxwell transition

Hard hadronic EO

.

Soft hadronic EOSs is flavored by ab-initio calculation,  arxiv: 2009.06441
nuclear experiments & neutron star merger observation.

arXiv: 2406.05267 arxXiv: 1808.02858
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Hadron-quark Transition in Neutron Star Core

" /
Maxwell transition Between Maxwell & Gibbs

Hard hadronic EO

(refer to Alexander’s talk just before)
Crossover transition

A oft hadronic EOS

-
Soft hadronic EOSs is flavored by ab-initio calculation,
nuclear experiments & neutron star merger observation.



14

Hadron-quark Transition in Neutron Star Core

" /
Maxwell transition Between Maxwell & Gibbs

Hard hadronic EO

Quarkyonic transition

oft hadronic EOS

.

-
Soft hadronic EOSs is flavored by ab-initio calculation,
nuclear experiments & neutron star merger observation.



Quarkyonic Matter

Sanjay and McLerran 2018
« The hypothetical phase between hadronic matter and

deconfined quark matter (David Blaschke 2008). Dynamical realization:

K. Jeong et. al. 2020
T. Kojo et. al. 2021
Y. Fujimoto et. al. 2023

Extend isospin, flavor, finite T

Zhao & Lattimer 2020
S. Sen et. al. 2021
D. Duarte et. al. 2021
J. Margueron et. al. 2021

Include better hadronic EOS:

G. Cao et. al. 2021
Net baryon density n/ n. A. Kumar et. al. 2022
— No=0.16 fm™ C. Xia et. al. 2023

https:/mnica.jinr.ru/physics.php
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Asymptotic kree

Gross, Wilczek and Politzer 1973

o QCD beta function:
, 00

pla) = 4o = — fra? — o — -
h 32 33 -2, 153 - 19N,
where . = —, [ = >0, f, = >
ST Ag Po 127 b 2472
S EEEEEEE——————
« Keep only the first term on the right-hand side, 9 == yEFT N3LO —
0~ 1 arXiv: 2009.06441
> ﬁo lOg qz/AZQCD Z 104 ¢
therefore lim ay(g) = 0 S | @== pQCD N2LO
q4>>Nocp s - arXiv: 2104.03551
< 10}

* Perturbative QCD:

QCD Lagrangian (quark-gluon coupling)

. . o oL_f .
Analytical method (vacuum and ring diagram) 10°—Igo6—"1300 1200 1600 1800

10 g (MeV)
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Speculation from large N,
McLerran & Pisarski 2007

Confinement due to screening of gluons
2 2 N f T2 N f M 2 ’\f\f\f\gj\jvllz?’\f\flf\.; + ~uuuu aVaVaVaV
mDebye ~1l=g (Nc_l_?)?_l_ 72 T alb.\gj)

Large mp,,, — stronger screening—> weaker long-range interactions—>deconfinement

Large N, limit: N, — oo while fixing A,p,,4 = g*N_.and Ny

2 2 - . Deconfined
Mpepye X T2 for high temperature; i .
7 H . . . RS T )
Mpebye X 2 — 0 for high chemical potential. T ?
C 3 N
- - . Hadronic* \ ,
Asymptotic free + Confinement (at the same time) ???? % Quarkyomc
Quark + Baryon = Quarkyonic matter s \

(refer to Larry’s talk tomorrow for more details) Mn s —
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Quarkyonic Matter Momentum Space

Nucleons are degenerate with quarks (quark-hadron duality)
« Perturbative quarks = quarks deep inside Fermi sphere

« Baryons = triple-pair of quarks near Fermi surface

k)’ ky
Trj
Ple-p ..
dye to Cf)pf‘?!ring Baryonic shell
ne
_|_
k
k k
kF clonfineld * *
uarks & gluo
“Bold” Assumption:
onstituent quarks _
k. k. p_ = 3k

or\/p3+m§,= 3\/k%+mé
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Hadron-quark Transition in Neutron Star Core

p(e) arXiv: 24xXX.XXXXX
" o arXiv: 2302.04289
Maxwell transition Between Maxwell & Gibbs

Hard hadronic EO

Crossover transition

Quarkyonic transition
arXiv: 2004.08293

oft hadronic EOS Th an 1< yOU!

E

Soft hadronic EOSs is flavored by ab-initio calculation,  arxiv: 2009.06441
nuclear experiments & neutron star merger observation.

arXiv: 2406.05267 arxXiv: 1808.02858
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Maxwell Construction

Inverted Hybrid Star
10° ———————— 40011
- === yEFT N3LO @ YEFT N3LO
3 arXiv: 2009.06441 I
—~ __300f
1 ;
é . é :
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Crossover Construction

Smooth interpolation

103: | I ' ' ' | 1 | I . . | | , . . 400 -
— X EFT N3LO g— - == YEFT N3LO
3 arXiv: 2009.06441 ; :
— 300
" 1025— <
s £
T #&== pQCD N2LO S 200
% arXiv: 2104.03551 %J
N 1 N = _
Q. 107 = _
' 100}
10° = pQCD N2LO
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