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%) pp-chain (4H -> He + energy)
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FEF2 (Neutron Stars: NS)

FIBl: P ~ Ims—Is (~ 102 - 10-¢ Pg))
Mass : MNI-ZM@

Radius: R ~ I1-13 km (~10"°Rg)
n /nB : YP ~ 0.05 (neutron rich)
gravity
mE : T ~ KeV (<< pr of nucleons)

(source: Eqcp)

Bii%: B ~ 105-10'5Gauss (~ 105— 10" Bg)

_
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~|0km ™ ng~ M/(4nR3x my) ~ O(0.I-1) fm3
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EEPEFED: ESPHABYE @
N, (5Ypng) =N or P’ = Pge

Wy [EFBE=GZTEE] 2 TT52APEENICED?

EFDIRNF—>BEZLITHLTCENS (Ee2 ~ pp)
FEFOIRLY— > BEZLIFTHLI LAY (B ~ my + pA2MY)

EFZEZTIFThHEFOIRINLX—Z LITTHIEITIHE L

B-F8 (W, = Ky + 1) > (PE)2/2My ~ Pt PE" == P = PeP

large scale
T Y ~0.03-0.1 for < ny
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1934) Zwicky & Baade (¥ &) "EFE: [EE— FMHETFE" [1931: RIEFDOHEE (Chadwick)]

1967) Bell & Hewish: [EHA1.337s D/SIVY—DFRE  "#/4F 2D FHEEH

1974) Taylor & Hulse: EEPREFERDER & PERRDOE
"B )R D77 DA

/ 2010) Demorestt: 2EKGEEZF O OPEFEOHER \
"IKEE TG TEZU A D47 0 R

2017) LIGO-Virgo: EEPHEFEHLODENRK (+ EHEE )
"VINTFX Dy — KK FDIEE "

kzow-) NICER: PEFELZORZAE /
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dynamical scale proton \ mass “large”

* Aocp ~ 200 MeV ~ |fm-! ~ Nocp”! M~ N Agep ~ | GeV
v
- BAFZE: ny=0.16 fm3 + nuclear binding E : O(1-10) MeV
(~ BF DD LEE) (unnaturally small !!)
A
al BEERDLTRTHERIIE—F VN T 1ad 1 oloran) "
(MeV)
P nuclear core
no Fmatter
010 larger nuclei R ——
T2 r (fm)
| | | \/— =z
2 3 4 5 6 7 8 8 10 T ~-100 1"~~~ ~—~ narrow

Rc~0.5fm ~1.5fm
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=t _ ) [Masuda-Hatsuda-Takatsuka '12
=128 ,EQC Dmﬁ (ng = 0.16 fm™) TK Powell-Song.Baym '14]
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[Freedman-McLerran,

most difficult : Kurkela+, Fujimoto+...]
. (B EEM) (d.o.f : ZER[FHERT)
' not explored well .

e — . >

~ 2n, Hints from NS  _ Shq ~ 40n,
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Mass-Radius (M-R) BE{&= & EOS
Tolman-Oppenheimer-Volkoff (TOV) eq.

Einstein eq. QCD EoS

Gu =8nG1y, | dP(r)  GM(r)e(r) (1 N £) (1 N 47rr3P) (1 - 2GM(r) )‘1

m— o r’ M) r
o | ey, — AR R R(> 1)
& BV R IZE e 4rroe(r)
P(r=R) =0 , A M
P ARIR a.  (def. of R) M(nc) . N
# ] R(nC) . Neo
Ne3
e = el =0 | at given n. 0
B >R
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EiR:

P vs ¢

Ref) Lattimer & Prakash (2001)

(Zi&E: ¢ 2 = dP/de bL<lEbNBH..)

16/40

gravity
( source: €qcp)

QCD pressure
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EoS @"EE é " & M=R ref Lattimer & Prakash (2001)

stiff-to-soft EOS
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EoS @"EE é " & M=R ref Lattimer & Prakash (2001)

soft=-to-stiff EOS
) ZYE with NIEFH

|0-14 km
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EoS @"EE é " & M=R ref Lattimer & Prakash (2001)

soft=-to-stiff EOS
) 9x—2 -nFAY - 7ARF—/R—1EE

| -to- |

|0-14 km
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Correlating low (<~2n;) & high (>~5n,) density EOS

Bk c¢2=dP/de < | (AR#E: T&E < AXE)
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IH&REGEH 3-window 1ET: QHC

[Masuda+'12, TK+'14, Baym+’17,’19, TK+ 21;] - 38 nuclear EQOS = {E%2]
- NFaYvYED quark IEE

- SR - [REERRSEMG
‘Csz < |

quarki= %!

(F>7L—F) - EMEEEA>10-20% D HE THIR
(9 #—7) (SRS I D FESR

C52 DE—I DFEER [Masudat'12]
- B L 7+ — 7 EOHEE

Wit
vy,
(@)

P

Ng = aP/alJ.B

interpolation

nB ~ 2n0

nuclear\

Pinter(uB) - 2751:0 Cn nuBn

[Akmal+1998, Togashi+2017,

Hebeler+2017, Gandolfi+, ..] Mg - QCDHHEK~ D #77- 7 Bk
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AER77A—FDEe4

* 1) matter at > ~2n, @ [ WAREVIIE] &£ 5

+ 2) pQCD at ~40n, & ChEFT at ~I.In, /" > EOS % {15 (F )

- 3) NSERA - [RFIZ5EEE D 5 nuclear EOS at ~2n, % R
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Ref) Lattimer & Prakash (2001)
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MMeg FxyvIFIRES

2.0
nuclear vs QHC ‘\
B vs BLEE(L o, %
1.5 ) BRBE NS

2)Ry,4

Is¢t P.T. models vs...

1.0

0.5

1) Nuclear EOS

nuclear EOS Bl D E =R LLEL
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.....
......

| 1 km 13 km ~20 km R
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2) FEFEAEFE = M, DT (LR)
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1) REDRESHDOHEREEZHAW-H#E (2019-NICER)

2) EEPHFEDRIEZEIHEE (2017 GWI170817)
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The fiI’St (established) ~2M@ NS . PSR j I 6 I 4-2230

NS —WD (White dwarﬂ binary [ vl) Demorest+ (2010); v2) Fonseca+ (2016) ]

BEREHA = 2.15 ms; ANER/EHA = 8.7 days
AE =89.17 £ 0.02; edge on

Mns = 1.928 * 0.017 Mg,
Mwp = 0.500 = 0.006 Mg

/NIVR D WD DHEEZEIS ()
FDELZERHDEN (4 2B01EH)

IZIZEILCHI : PSR J0740+6620
Mns = 2.08 * 0.07 Mg,




N IC E R (Neutron star Interior Composition Explorer, 2017-)

X-ray
color
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invisible I st R oSSR - observer
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hotspot (ETIDHET)
hot spot DIFEIZAL Z 1E
period 0
Doppler shifted spectra ‘ RQ

GR lensing (in principle) M/R
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~—]0ms
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Tidally deformed phase

B
quadrupole
r moment

grav. pot.
from the star A

more compact
— smaller Q

less compact
— larger Q

polarizability
external *V
s — . o E’& = —
QZJ )\(M) EZJ field Oz;0x;
V (fr-) B GMA — GQAB deformation of A by B
A\l = 3
r i P
T aslh - EFHLPEEXS
Numerical ————
TT4 SFHo
AfEL
Nun;erical e
TT4 TM1
AERL ‘




M (Mg)

2.0

|

L

! Rl

0.0

M-R#A DIRIX
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= ~
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: . 174
™
X
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. /
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\ PN
‘ !
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[aLIGO-Virgo '17]

ChEFT
(Drischler+)

Courtesy:

Hensh+ (2024) Togashi

10 11 12 13 14
R (km)
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QHC21Ch-soft
QHC21Ch-stiff
QHC21T-soft
QHC21T-stiff
Togashi
ChEFTex
1PT-NQS

R, ™~

I‘|.4
x 72 1%

R2 I > I‘I.4

(?7)

soft=-to=-stiff EOS?
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ZOHH WY EBEOS = i ELV 7 +—ZEOS ?

with & E—7 c¢.2> 1/3

MELLTHYNFEIDH?
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fELVY + —JEOS?
- b oF— 5 DEBE >> /Y 4 OEHE
P 3 B O(N,) O(I/N,)
g1l
P stiff 25 M/Mg Smal‘lii;ﬁz_ \
. o

20}

1.0¢

15} |arger BA“ .-7 . .... *ﬁ.*ﬁ"ﬂ:;k%

0.5¢

. Rikml
5 10 15 20

7 F—7HmEDOIROI-OEWEOSEEY PT L ? ?
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9#4A—2VEOS: fHE{EH (KEEPR)

BXIRAESIE AR HE{EH

4
e(n) = an/3 + bn2 ‘ P—g b(a—§>na

(n: quark density)

BEWEOSZFHICIE: fora>4/3: b>0  eg bukrepulsion, ~ + ng2//\?

fora<4/3: b<0  eg BCSHIZ|AHERE, ~ — N%ng?/3
AbakiclE: (BEHIITFSE>EOSERL)

R 1aR 5l HTHEOSITFEL 1 3

[TK-Powell-Song-Baym, '14]
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7 )V I fhED IR

2-particle correlation

e.g.
diquark

pairing

color-superconductor (CSC)

[Bailin-Love, Alford, Rajagopal, Wilczek, ...]

3-particle correlation

NAQCD

quarkyonic matter

[McLerran-Pisarski ‘07, Hidaka, TK, ...]

Cooper triple [Tajima+]
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v b BERZBEQCDDIBFHE wemasrsu)

2 | c?

255 —QCD 2 *k&ADF—7 74V AEXQCD
lida-Itou (2022), lida-ltou-Murakami- Suenaga (2024) Abbott+ (2023.2044). Brandt (2023)
1 ‘conformal bound ——— - : | | QM Tree: my= 140MeV - - - -
I ChPT I i QM: m;; = 140MeV
0.8 T=80MeV —O— - 08 .. 170MeV i
L T=40MeV —A— O - with pion cond. Brandt et al. ===
[ o | i g Abbott et al. 48x96
0.6 F Hadronic | BEC: i X é L= 206 64x128 1 |
: ’ % ! ? S - ~ 1GeV
04F 1 ~ R
2 /e 1 7 -
0.2 é BCS - 02 pQCD |
- ‘ A | : [Chiba-TK 23]
0 ._.I_LA.I_AI - il | M P B 0 l ! | ! ! | \ |
0 025 0.5 0.75 1 1.25 0 1 2 3 4 5 6 7 8
y / m P S Chemical Potential [m]

SZETH 100-200 MeV O BCS gap H'$H 3 ()



34/40

C$2 pure hadronic

1/3
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BB LI +— B EHIEQR?

Quarkyonic matter picture on confinement
[McLerran-Pisarski '07] gluon screened

hadronic

quark

quark
Fermi sea
»

Fermi sea

hadronic formation of quarkyonic weakly coupled
matter quark Fermi sea matter quark matter
~ g 1/2
MN /N~ Agep N, "% Ngcp Mq

(in4-D)
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Sum rules for occupation probabilities ) [m«x2i

occupation probability occupation probability quark mom. distribution
of quarlk state with p of baryon state with Py in a baryon
_— B
fala) = fe(Ps)rg(a — Pp/Nc)
Pp
e.g.) in ideal baryonic matter T T
| output input ) input
‘ fQ P . |f3 SOQ P
.g., free gas) (quark model)
] F——————— A J FTR———————————————
p3
~ nB/A3 Pg‘ ® b
— — Ny —E AL
:I\ o {#PB
pa— T . P e .
A q B N~ P\baryon 9
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Evolution of occ. probabilities ., - / BP0l Py

Pg
+ B
baryon I “forbidden”
bases P B o
A —>
Pe
dual f
"dilute"
4 C: N
quark Ng <~ Mo
bases & B
= .
A\ ~200 MeV

WAV

“quark saturation” constraint
— relativistic baryons at low density, hg ~ 2-3n,!

cf) McLerran-Reddy model (2019); microscopic foundation, TK (2021); solvable dual model Fujimoto+ PRL (2023)



38/40

ideal limit
(artifact)

Peak in sound velocity R + 00

Np
>

"saturation"

forbidden by 1

confinement

interactions;
reducing disparity

forbidden by

saturation (done only in adhoc way...)

“inevitable” stiffening
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Multiple roles in color-magnetic interactions

|) Coupling o« velocity ~ p/E cf) A 1232 3
become important in relativistic regime & high density Mg+ .. --i,--
N (938)
2) Pairing : strongly channel dependent
SB [E Ur
hadron mass ordering: N-A, etc. [ DeRujula+ (1975), Isgur-Karl (1978), ...] | SN S
color-super-conductivity [Alford, Wilczek, Rajagopal, Schafer,... 1998-] | p

lighter quark mass
' —_— Mps = 1171 [MeV] -+

3) Baryon-Baryon int.: short-range correlation o

Mys = 672 [MeV] o
MPS = 469 [MeV] Goileng

( Pauli + color-mag.)

[Oka-Yazaki (1980),...] 80 | 11 Mys = 837 [MeV]

channel dep. — non-universal hard core (some are attractive!)

V(r) [MeV]

mass dep. = — stronger hard core in relativistic quarks

— consistent with the lattice QCD [HAL-collaboration] -




Fed

Relativistic matter of composite particles

M-R relation =» sound velocity peak c.*> 1/3
> EIADRRZ—
Interplay between nuclear & quark physics

Driving interests in numerical experiments
=> ANIADR—7

Driving conceptual interests in continuity
= KRKSA. HESAD =7
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