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EOS softening by hyperon mixing

Neutron Star and Hyperon Puzzle

Y. Yamamoto

Recent information on neutron-star radii

arXiv:2105.06981 14 May 2021
11.52 km < R(1.4Msun) < 13.09 km (PP model)
11.39 km < R(1.4Msun) < 12.74 km (CS model)
arXiv:2105.08688 18 May 2021
11.07 km < R(1.4Msun) < 12.70 km
11~13 km based on NICER
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Hyperon-2M., puzzle !

Massive (2M) neutron stars

2010 PSR J1614-2230 (1.97+0.04)M,
2013 PSR J0348-0432 (2.01+0.04)M,

Softening of EOS by hyperon mixing
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Dropping of pressure by changing of
high-momentum neutrons to low-momentum
exotic particles (hyperons, A, k-mesons,
quarks) free from Pauli principle

[Universal TBR]

by Takatsuka Hadron-phase level

before observation of 2M,,,




Our approach to universal TBR
From experimental data !

Many-body repulsive effect
in high density region (up to 2 o )
owing to Frozen-Density approximation

‘ Nucleus-Nucleus scattering data
with G-matrix folding potential

T. Furumoto, Y. Sakuragi and Y. Yamamoto, (Phys. Rev. C79 (2009) 011601(R))
T. Furumoto, Y. Sakuragi and Y. Yamamoto, (Phys. Rev. C.80 (2009) 044614)




A model of Universal Many-Body Repulsion

Multi-Pomeron Exchange Potential (MPP)
Same repulsions in all baryonic channels NNN, NNY, NYY, YYY
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] originated from two-gluon exchange

Pomeron exchange gives
repulsion because of
positive propagator
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Both of maximum mass and radius are increased
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When observed values of M_,, and R(1.4M,,,) are given,
both of them cannot be reproduced simultaneously by adjusting MPP

In hadron-quark transition model,

maximum mass (radius) is determined by Q-EQS (H-EOQS)

determined independently




IVl/Msolar

Hyperon-mixed Neutron-Star matter
with universal TBR (MPP)

EoS of ntpt A+ tet 2 system
ESC(YN) + MPP(YNN) +TBA (YNN)
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R(1.4M,,) = 12.4km (MPD), 13.3km (MPa)
M,../M,, = 1.82 (MPb), 1.94 (Mpa)
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Softening of EOS by A X2 - mixing
partially recovered by MPP

Hyperon mixing is not

so related to R (1.4M,,,)

(in our model)




Solutions of the hyperon-2M, . puzzle ?

Burgio, Schulze, Vidana : arXiv:2105.03747. 2021

Three possible solutions

(1) Hyperon-hyperon repulsion
(2) Hyperonic three-body forces
(3) Quarks in neutron stars

(2)izpaL T
“Hyperonic TBFs are not the full solution of the hyperon puzzle”

(3)izBALT:
“Whether quarks can provide sufficient repulsion to support 2M,,, NS~




Bombaki ; Nuclear Physics News, Vol.31/No.3

“It is reasonable to expect that YTBIs can influence dense-matter EOS
and represent a likely candidate to solve the hyperon puzzle”

Logotera, Vidana, Bombaki
Eur.Phys.J. A55(2019) 207

{np,Ae 2} with NNA TBI

“If YTBIs were repulsive enough, hyperon would never
appear at the densities encountered in NS cores”

“We mention a way to circumvent the hyperon puzzle, allowing the
presence of strangeness in NSs in the form of strange quark matter”
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% 2~ mixing is important for EOS softening

% Stronger YNN repulsion needed for hyperon-2M,,, puzzle ?
(MPP: universal repulsion)



Remaining problems to solve quantitatively
the hyperon-2M,,, puzzle in hadron level

% Presence or Absence of 2~ mixing
>N scattering experiment THRDSLNBH??

% Universality of many-body repulsion (Vyyy .ne. Vipw )
A -nuclear spectroscopy TiROLNBZHNT??



Can be solved the puzzle-2M,, in quark phase ?

High-momentum neutrons=>low-momentum particles (no Pauli)
Lowering of pressure = softening of EOS

Softening of Q-EOS

[If there is no repulsive effect in quark phaseJ

M/M..

Masuda-Hatsud4™ Takatsuka



Hadron-Quark transition model

Quark-matter EOS (Q-EOS)

Baryon phase by BB interaction

Quark phase by QQ interaction
represented in the same framework (BHF)
Phase transitions between them

Our two-body QQ interaction BHF for quark matter
Vao=Veuet Virpt Vocet Vins

Veye: extended meson exchange
no ad hoc
paramete

Vooe: one-gluon exchange

Vivs:  instanton exchange ) from hadron mass spectra
neglecting V¢

Vypp: multi-pomeron exchange ) from unfolding of BB interaction
N

Ralisﬁc QQ interaction based on terrestrial data



[VEME . extended meson-exchange 1nteract10n] ESC model

ESC-QQ interaction M ESC-BB interaction

with QQM-coupling $73°=  with BBM-coupling
mQ=MB/3

Relations between QQM- and BBM-couplings are determined
by the condition that BBM vertex is obtained by folding
of QQM vertex with SU(6) quark model

QE}QTT = QPB B /3 similar relations for the n. K, 7.
v 1 V v 1 V
9QQp = 39BBp - foap = ngBp' similar relations for ¢, K*. w.
8 1 s
9QQao = 3YBBay similar relations for fy(993), x,e = f5(620)

1, 1

A . .
Q%Qﬂl — §QBBA1 : f*%'@ﬂl — ngBf-ll similar relations for D;(1285), K A(1336), FE1(1420)



Averaged potential energy

120__ uds symmetric quark matter EME+MPP
100 - full
0- iy O Ewe
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) Same as nuclear repulsive cores
[Repulsmn] EME (vector meson & pomeron exchange) tMPP+OGE = Stiff EQS




Roles of MPP in QQQ and BBB levels

In order to reproduce maximum mass over 2M,,,
MPP;,, (hadron level) is unnecessary (given by Q-EOS)

Origin of QQ repulsion is related to origin of BB repulsion (our model)
X vector-meson & pomeron exchange
¥ one-gluon exchange (a (=0.25)

MPP repulsion is minor in QQ level (because of gpgq=8pqa/3)

MPP (QQQ) is folded into MPP (BBB)
Bond number of folding into BBB is larger than that into BB
MPP repulsion becomes strong in BB level, controlling H-EOS

MPP repulsion in BB level is not related to maximum masses,
Making R (>1.4M, ) large . in hadron-quark PT model



Density dependent effective QQ interactions
based on G-matrix calculations for quark matter

Geympocp(p.r) = (ap” +bp?) - exp(—(r/0.8)")
+ c-exp(—(r/1.6)%) .
Givs(p.r) = (ap’ +bp?) - exp(—(r/0.6)°)

(a,p,b,q,c) > given for each (qq’,T, S, P)

It is very easy to calculate Q-EOS by using
effective QQ interaction up to high densities



Effective Quark Mass

Constituent quark mass (from chiral symmetry breaking)
is larger than (similar to) current quark mass in vacuum
(in high-density quark matter)

Density dependent quark mass —

100

1
2 4

Masuda-Hatsuda- Takatsuka




Density-derendent quark mass [Com‘rolling phase +ransi+ions}
Mg(pq) = Mqg/[1 + exp{¥(pg — pc}] + mo + C
C'=Mg—Mg/[1+ exp(—yp.)] My (0) = Mg

B(pg) = Mg(0) — Mg(pq)
Vacuum energy

o C=69 0 fixed

r is taken so that phase transitions
occur at (2-3) p

Sets of QQ interactions
QO : Veyge with y=1.2
Ql . V:E’JME + I/TINS —+ V;QGE with 7:10
Q2: Veme +Vupp +Vins + Voee with y=1.4

ppppp

BB interactions with relativistic kinetic energy
H1: ESC+MPb
H?2 : ESCt+MPa

H3: ESCt+MPat



f quark potential in quark matter composed of f’ quarks
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fraction

FEoS of fg-stable quark matter composed of u. d, s, e

(1) chemical equilibrium conditions,
Hd = Hs = [y + He

(2) charge neutrality,

1
0= 5(2:01& — Pd — Ps) = Pe

(3) barvon number conservation,

.  (pu + pa+ ) !
° = — = — )
| in Q2 case pe = 3(Putpatps) = 3Pq
04+ u quark
0.2
s quark
| / electron
S I . -,
00 02 04 06 08 10
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100 - hadronic
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EOS (pressure P as a function of energy density e)

Q-EOS is stiffer than H-EOQS



phase transition

P [MeV fm "]

T r T y T y
1100 1200 1300 1400
g [MeV]

g ; . : . ' .
1000 1100 1200 1300 1400 1000
g [MeV]

Density-dependent quark mass



Q2/ | HI1
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200 - -, 7} H3
.--'III f,/'
e f‘::f
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= 100- S * Transition at
- A crossing point
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Replacement Interpolation Method

Q-curves are connected smoothly from H-curves at crossing points
simple treatment for the Gibbs construction
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M_.; 1s determined by Q-EOS: Q1 & Q2 give reasonable values of My,
PSR J074016620 : Both of mass and radius are observed




sunN

M/M

2.5 2.5
2.0- 2.0
1.5- 1 1.5
Eﬂ.ﬂ
1.0 = 1.0+
| H3
0.5- \ K 0.5
. \"'N-.%N_
0.0 +— - - - - 00 - f4———F——
10 11 12 13 14 15 02 04 06
R [km] pg, [fm ]
R(1.4M,,) is determined by H-EOS
Dotted: Ry, = 1233797 km
H1 Solid : Rian, = 12181558 km
Dashed :  Rian, =11.94757 km

H2/H3 Dot-dashed F1anmg

= 13.80 £0.47 km

08 1.0

arXiv:2105.06981
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Black: HO without hyperons
Red ;: H1 with hyperons including universal repulsions
Blue : H1’ with hyperons including only NNN repulsions

Result of H1" Q1 shows that 2M,, is reproduced
without MPP;, : Effect of MPP,,, appears in R (>1.4M,,,)




arXiv:2105.06981 14 May 2021
11.52 km < R(1.4M,,) < 13.09 km
11.39 km < R(1.4M_,) < 12.74 km

arXiv:2105.08688 18 May 2021
11.07 km < R(1.4M,,) < 12.70 km

arXiv:2101.03193
13.80 km <R (1.4Msun) £14.26 km

model

H1
1+Q0
1+Q1

H
H

H

1+Q2

H?
H3

(PP model)
(CS model)

» taking into account of PREX-II

R(1.4M,,)
12.4 km
124 km
12.4 km
12.4 km
13.3 km
13.6 km

Mmax - 1 '8MSllIl
Mmax - 2 'OMSHII
Mmax - 2 ' 2BASHH
Mmax - 2 '3MSUII



Moz /Mg BMpa. Riamg Avanmg
(km)  (km)

H1 1.82 10.4 12.4 422.
H1+4Q0 1.99 10.0 12.4 422,
H140)1 2.16 10.4 12.4 422.
H14-()2 2.26 10.6 12.4 422.
H1’ 1.52 10.4 12.1 334.
H1'+Ql1 2.13 10.1 12.2 337.
H2 1.94 10.3 13.3 7l.
H2+0)0 2.02 10.5 13.3 7l.
H2+0)1 2.17 10.6 13.3 7l.
H2+()2 2.26 10.8 13.3 7l.

w/0 MPP,,,

In the case of H-EOS only, M, depends on R (1.4M,,)

It is difficult to be over 2M
In the case of H-E0S+Q-EQOS, M,,, can be over 2M

sun

independently of R(1.4M.. )

sun



QQ repulsion in our approach

Repulsions in BB interaction
(w meson + pomeron in ESC)

Followed in QQ interaction

Ql: Vevet Vinst Voce
Qlnp: VEME (no pomeron) +VINS+VOGE
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(first-order phase transition) T e
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QOnp : no pomeron-exchange



conclusion

In order to avoid EOS softening by mixing of
exotic phase (hyperon, quark, etc)
high-density repulsions are needed in respective phases

EOS softening in baryonic phase by hyperon mixing
can be avoided by universal repulsion (MPP)

In our QQ interaction model, stiff Q-EOS can be
realized mainly by exchange repulsions of vector-meson
& pomeron related to the origin of BB repulsion.

By using H-EOS and Q-EOS for hybrid stars based on
our QQ/BB interaction model, both observed values of
M_., and R(1.4M,,) can be reproduced

without ad hoc parameters
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In Isaka calculations:
% ESC14+MPP (needed for NS)

¥ ESC12+weak MPP
Small difference of A -nuclear spectra

72+—I7HFTERTARICIE, ANN-TBROMEIZ
Hyperon-2M, , puzzle Zfi#/=HL =5k
NSizB1F 5 A -mixing®onset densityZ
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