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Fig. 9. The mass of 2 neutron star in units of the solar mass M, as functions of the central baryon
density p. with use of (a) TNI3 and (b) TNI2. The notation here is the same s in Fig. 8.

‘ A model of universal TNR (TBR) : Multi-Pomeron exchange Potential (MPP) by Rijken-Y:
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Observations of 2Mg neutron stars restrict EOSs strongly

NA RO/ BETEAL

Massive (2Mg) neutron stars
Dropping of pressure by changing

2010 PSR J1614-2230 (1.97*0.04)M, of high-momentum neutrons to
2013 PSR J0348-0432 (2.01+0.04)M, to lOW‘mome”_tUm h}’perons
free from Pauli principle
MR curves for Barvoniey &% softening by Hyperon mixing
25 Hyperon Puzzle)
-/-
softeningf _ \ MR curve for nucleonic EOS goes down
hyperon m | by hyperon mixing (EOS softening)
1.5
nucEoni EOS softening by hyperon mixing should
L hypérc;'r%}[
softenggd
— hyperonij
stiffenegr———-r——-r—————— TBR is one of models for EOS
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Recent observations

[Mass and Radius of massive NS further restriction for EOS
NICER measurement for PSR J0740+6620 Medium values of M and R

M=(2.08£0.07)My | mmmp |MR point : (M=2.1Mg Ry 1y0=12.5 kn
R: 12'49—'_1'28-0.88 km

How to obtain EOS
consistent with
these two constraints

Measurements for 1.4Mg N‘ ‘ Ryave = 12.4 Kk

It is difficult that a hadronic-matter EOS meets both constraints
Promising idea is to focus on possible repulsive effects of quark phases
quark-hadron crossover model
quarkyonic matter

2 n-Quark mixed matter
our model




MR curve for nucleonic matter EOS (AV18+UIX)

does not reach MR point

MR curve for quarkyonic matter EOS is accessible ec
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Our approach to EOS stiffening

Baryon-Quark mixed matter in BHF formalism

i

with two-body BB & BQ & QQ effective interactions Drjei n/w\atte
Ges  Gso  Goo uds

Potential energy densities of B and Q ©

Upp(k) = Y Ug'k)y= Y Y (kK|Gep|kk)

B'=n.p,A B'=n,p, ‘LLI.-_::kIH

Usg(k) = Y. U k)= Y Y (kK|Gpg|kK')
Q'=u,d,s _Udsk{ﬂ,q'

Ugek) = > U= > > (kK|Goq|kk')
Q'=u,d,s _Udsk{ﬂ,q'

Ugp(k) = Y U k)= > > (kK'|Gop|kK')

B'=n,p A EB'=n.p, ‘LLI.-_::kIH



Energy Densities EOS stiffening D &2
Baryon-Quark repulsion

EB = MpBpPp +Tp + VB =MpBPR

k3
e @3k 1 1
+gSL O {\/h k2 +m) + ELEB{kHEDH@(H}

En = + i"l,'i" fLE dgk ¢ﬁ_2kﬂ _|_.m'3 + l{r {k} + lLr “;] Q = 1 d e

omitted for simplicity

gs=2and N, =3 (small contributions)
e Sonfti(;tuent quark mtasstMQ
. . 1 reated as a parameter to
Chemical potential 1. = C_ .
P fli 3}5" v (i=n,p,A\,u,d,s,e) adjust onset density of
! BQ-mixed state

Pressure P = § 1 p; — € taken as 312 MeV or 330 Mey

'

i=n.p,\,u.d,se
E=Ep+E&pTEATEYTELTEs T E;



BB interactions Ggg are chosen so as to give reasonable Baryonic matte
np A\

BB interaction = Vgg+Vigpe==p Ggg derived from Vgg+

VBBB

Vgs SUs-invariant BB interaction (Extended Soft-Core model) our previous
Vggg Three-Baryon Repulsion (Multi-Pomeron exchange Pot

neRt Wk s
same repulsions in NNN, NNY, NYY, YYY channels
25 MR curves for nucleonic and baryonic
Nucleonic MR cugye e matter EOSs do not reach MR point
goes downr2by (M=2.1MO R, yo=12.5 km)
hyperon mixmng, iffening Riive = 12.5 km
154 TTT TS, OS softening (Vggg is more repulsive than UIX in APR)
— N+ ® =\ .
\E\ ntp+A (vo ANN rep IS re%O\&!;ekg
— ntpr AT 1O b 12.5 km EOS stiffening by TBR is not |
¢ 11.9 km enough .
""" A0 o reach the MR pomt
w/o TBR 00' \BRveUPESTor Baryonic Matter R et—StrretHngE REeo d

|
- iving |1
o 11 12 13 11 15 Baryon-Quark mixing !!
R [km]



Baryon-Quark interaction derived by Th.A. Rijkeq®0S stiffening 2

Vo =Vpoe : di-quark exchange interaction (repulsive)
(Vo is obtained from Vyq by using SU; relation)

N,p: - - Qp. N, > > v L2 = A%(ﬂ"ﬁr‘:ﬁmT@} ' @"?’5”'”7‘5’}!’-’“2

int

Parameter sets of A zand mg

0.3 . . Ny O . . 0.5 EOS | A3 /v47 |me |onset density
D1.5 0.37 [312 1.5p0
D2.0 0.46 [312 2.0po
D2.07 | 0.27 |330 2.0p0

® di-quark exchange diagram

- Diguark-exchange (a) NQ — QN and (b) NQ — N( transitions.

2
(gN) _ > A A D25 | 0.55 |312 2.5
Vooe(r) = —A3 (T1-T2)(oy-02) P 7
pek dmy/m M? ) A;and mq are basic parameters
A2 A2p2 A2p2 to give onset densities
x |1 — 1 — exp | — of BOQ-mixed states
| Admym, 6 4
nucleon-triquark coupling A =700 MeV

, using
A3 = +/e/2(21) 2 [My/(he)]® giving| A3 /v4AT = 1.0| QCD-sum-rules

treated as an parameter to control EOS




chemical equilibrium conditions
Mixing ratio of p, A,u,d,s,e L

In Baryons — — in neutrons are determined by
Hn ‘L-‘,p ™ He s Hn HA chemical equilibrium conditipns

Solved in baryonic matter y,=p0,/ 0, yr=0 r/¢ ]
= used in baryon-quark mixed matter

BaryOH-Quarkhnﬂ = [ty + 2tg L flp = 20y + [ 5 A = Py + fd + [s

1 basic relation It is difficult to solve simultaneous equations

ﬁtn(pn,yu;yd,ys) — ‘uﬁ[«yu) 4 gﬁéd[’yd]‘ ====) Equation for yy
approximation 1 can be solved

the same as those for quarks confined in barypns

Assuming that y,/y4 and y./y4 for free quarks aLe

Note ! Hyperon mixing and Quark mixing are treated in common framework



Mixing ratio of p, A\, u, d, s /neutron

0.25 ~ ntp+A+d+uts mixing
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Fermi Shell of
Baryons Jolh

"FY' ,.

Fermi Sea of
Quarks

A
. . . .
Comparison with Quarkyonic Matter
MclLerran-Reddy

Eql

. i in momentum space
In both cases of Quarkyonic matter and NQ-mixed mauer,

nucleons and quarks are uniformly mixed spatially ~ 'hickness A of neutron
Fermi shell is a basic parameter

In Quarkyonic matter, neutrons are pushed up to high-momentum states
by repulsion from quark Fermi sea in momentum space

In NQ-mixed matter, NQ relative states are in high momenta by NQ repulsions,
definition

NQ-mixed matter : n+p+u+d+e
BQ-mixed matter : n+p+ A +u+d+s+e




Pressure P as a function of density p

Partial pressures Py(po) and Po(po) : Pyiolo)=Py(p)+Po(p)

Total pressure
NQ-mixed Matter (D2.0% | similar MR curves | 4m Quarkyonic Matter (onset 2.3 p o)

¥ '. 1 200 =
1 200 = m . . " . . I ]

quarkyonic .’ .
1000 - are different 1000 : : P
I | stiffening by P | | stiffening by "
fe 809 |quark pressur . e 8007 | pushed-up
= - D = _
o 400 ] nuclea al 400 _
: 1 onset density
2004 onset density P N 200 -
| PQ _
0 T - T r T T 04 T Y ; i y -—-_F_--_-'L
0.2 2.0p,0 4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
p [fm™] p [fm ]
Py(p) is similar to P ycear(0) Thickness A is taken to give onset density 2.3¢

Pnig( o) is larger than P cea(0) by Po(p) giving MR curve similar to the one for NQM-D2.
Stiffening IS given by quark pressures Quark pressures are neg||g|b|e



EOS stiffening by NQ-mixing ™ 020
n—l—p—l—u—l—d-l—e model 400'_ P(ﬁ ) EOS stiffening
_ = 3004 by quark pressurkg
onset density E
D2.5=—— 25p, % 200-
D2.0m— 2.0p, o
100 1
D1.5 1.500 b
[ ]
Mo=312 MeV N0 15 20 25 30 85 4
MR curves P/Py
2.5 D25 D2.0
20- BB 0. V. 3 I 2.1Mg
o 1.9 <°
E onset density E
= o D15 15p,
D20 2.0p,
0.5 D25 25p,
1 n+p+u+d mixed matter -_—
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10 11 12 13 14 15 s
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NQ-mixed matter BQ-mixed matter

95 D2.0f a l;1+pr+u+d mixed matter 95 D20 n+p+A+utd+s mixed
’ quarkyonic ) .
_ oL 2o quakyopic curve . D2.0
20- nucleonic"i.:._____ et Similarito D2.0’curve 20- ----...._E: ............................ i
y K ) nucleon—quark mixed y Baryonic ‘.\ Baryon-Quark mixed
o 154 \ o 1.5 \
s ] . = ]
E = .
1.0 onset density 1.0+ °[';;e(; de;;l.ty
D20 2.0 ' e ebp
0 01 me=312 (D2.0) g5 Barm,, =204 D20 2.0p
.2 nucl Mmax=2.19 D20’ 2.0[}0 ) ’ D20M =243 R =12.4 km 0
|D20 M__ =249 R, =124 km mQ:330 (D2_0 ) 1 2o M. =259 R2'1=12.? -
D20’ My, =262 R, =126 km . _ ' O M, 299 Ri2Them
0.0 0 N M 13 14 5 Onset Density (?OIO 010 11 12 13 14 15
R [km] R [km]
MR curves reach MR poin Mmaz /Mg | R2.1mp (km)
: : & A_ .) .") 3 . F
(M = 2.1Mg, Ry 1p1,, = 12.5 km) DHGIRE- D AP g
L. . NQM-D2.0r 2.62 12.6
by EOS stitfening T > s 51

127

BQM-D2.0° ;
2.19 11.4

NQM and BQOM lead to similar MR curves to each ot
Basic reason is that MR curves for Nucleonic and
Baryonic matter EOSs are similar to each other
owing to TBR stiffening in Baryonic matter
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BRYMO
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M/M

Star mass as s function of central density for NQM-D?2.0 and NQM-D2.0’
Onset density 20, mg=312(D2.0), 330(D2.0")

3.0

| NQ—mixed matter

0.5 1

onset density
D20 2.0pﬂ

D2.0° 2.0p,

0.2 0.4

0.6

pB:} (ﬁTI 3)

0.8

1.0

NQOM-D2.0’

EOS stiffening in NQ-mixed matter
adjusted so as to give M p curve

similar to quarkyonic matter EOS (2.3 p )



hot neutron stars M nax(T)
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arXiv: 12669 (2025)
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quarkyonic-matter EoS Melerran-Reddy model
Fermi Shell of

Barvons
< Keq / np = e (ny + na)
¥ 3
3 *NC 3 3 T
Fermi Sea of — an "lLTOﬂ -+ —(k’Fu -+ de) €En (kOn) = l\‘ch(kpq)
Quarks G’IT 3 {}
kon = kpn — A kra = 7k
~ < On — F'n qyc Fd — On
“71)1/5%&” \\\\ AH A
“Agye = ——5— + K— hpu =27 1f’3k
qyc e k%ﬂ NE he A ~ A . Fu Fd

A is most important parameter

k 37
Fn d 1
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21.2 2, =
Upa(k) = Y (kK'|Gfn,pnlkk') {\/h K ”‘ffﬂ_}Uf("f”Ufn““}
kl}n{kj{k?‘n



