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[.agrangian in Baryon-Meson system
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Nuclear saturation properties
EOS in neutron-star matter
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Our strategy for neutron stars

Q)
M Neutron-star EOS derived from
Baryon-Baryon interaction model
in relation to Earth-based experimentsJ

without ad hoc parameter for stiffness of EOS

on the basis of G-matrix theory
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Meson-Pair-Exchange graphs Pomeron-exchange

repulsive cores



What is pomeron?

Why pomeron ?

SU3 scalar

Triple Pomeron-exchange.

[ Pomeron is a model for multi-gluon exchange]
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BG 3 : hard (soft) cores
E{k#: o meson, pomeron, quark Pauli, SJM
AQa: LACD, ---




Y Yamamoto, T. Furumoto, N. Yasutake and Th. A. Ryken: Phys. Rev. C 88
(2013) 022801 (R).




Double folding Potential

ydr.dr, Projectile(1) rget(2)

oy (s@E) exp[i %}d r,dr,

_ N
Frozen-density approx. (FDA)

P=pPLTP;
Complex G-matrix interaction (CEGO7)~ J

U(R)= jpl(rl)pz (r,)Vp (8]

+Ip1(r1’ L —8)p,(r,, 1, +5

=Vpewm (R) +1Wpey, (R)

__yy(real) - ,(imag)
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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)




160 + 160 elastic scattering cross section
at E/A =70 MeV
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Frozen-Density Approximation
is crucial in our approach !

Two Fermi-spheres separated in momentum space
can overlap in coordinate space without
disturbance of Pauli principle



E/A [MeV]

E/A curve Symmetry energy




ESC08c + MPP + TNA

repulsive  attractive

MPP and TNA parts are determined to reproduce
% 1604160 scattering data (E/A=TQ MeV)

¥ nuclear saturation property

Vrna(r; p) = Vo p exp(—np) exp(—(r/2.0)%) (1 + P,) /2

V, and n are determined so as to

phenomenological
reproduce saturation density/energy

MPa : (g%, g%)
(3)  (4) PR |
MPb : (g )= (2.94, 0.0) Vy=—45.0

JP gp
MPc : (g%, gv))= (2.34, 0.0) Vo= —43.0 n=

MPP TNA

Ratio g,p/gsp is not determined in our analysis ----> three versions MPa/b/c

= (2.34,30) Vp=-328 n=35
)
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Esym(p) — Z(p B=1)— E(.-Oj =0)

j
L=3pg [‘5 Eﬁym(ﬂ)]
P=po

ap

dg E
P=pPo

3 — Pn — Pp
| Pn T Pp

E/A(py) = —15.8 (MPa/b), —15.5 (MPc) MeV at pp = 0.16 fm3
Eoym(po) = 33.1 MeV L(pq ) = 70.4 MeV K = 310 MeV for MPa
Eyym(po) = 33.1 MeV L(py) = 69.2 MeV K = 280 MeV for MPb

Evym(po) = 32.7 MeV L(p) = 67.1 MeV K = 260 MeV for MPc

AV8 tUIX: E,=35.1 MeV L=63.6 MeV  (Gandolfi et al.



Medium effect in high density region probed by nucleus-nucleus elastic scattering

T. Furumoto,!** Y. Sakuragi,? and Y. Yamamoto®

PRC(R) accepted

The paper contains some warnings about the use of
others widely accepted folding-like methods like JLM.
It is important and timely for the community to start
a discussion on this subject.

by the referee

crucial role of the TBF effect up to kr = 1.6 fm ™"




Double folding Potential

U ey (R) =Vpem (R)+ iWDFM (R)

U(R)= jpl(rl)pz (rz) s; p, E)drdr,

Projectile(1)  rarget(2)

V_{MPa (P=P+ P2 S Prp) | Py —> )

ESC (p=p,+p, > prep-) __________ m
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Effective two-body potential derived from MPP
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160 + 160 elastic scattering cross section
at E/A =70 MeV
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Medium effect including TBF effect in high density region
- needs up to & = 1.6-1.7 fm"! for heavy-ion elastic scattering

H Path to high-density EOS |




M/Msolar

by solving TOV eaq.
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No ad hoc parameter to adjust stiffness of EOS
MPa : K=310 MeV

MPb : K=280 MeV

MPc : K=260 MeV

- 160-160 scattering data



Hyperon-Mixed Neutron-Star Matter

0
- ESCO8c defined in S=0,-1,-2 channels
MPP universal in all BB channels
TNA TBA 27?9

(ESCO8c+MPP+TBA) model should be tested in hypernuclei
hyperonic sector



Massive (2M) neutron stars

Softening of EOS by hyperon mixing

Hyperon puzzle !

An idea is Universal Three-Baryon Repulsion (TBR)
by Takatsuka

ﬂ Modeling of TBR in ESC = Multi-Pomeron exchange Potenﬁaﬂ




hypernuclei ¢ » neutron star

YN interactions based on hypernuclear study
=) Hyperon mixing in neutron-star matter

[A & 2 states based OID




'{"TY(I': rf) — E"rdﬂﬂ + LTEI
Upp = O(r—1') /dr"p(r")%rﬂr — "] (kp))

Ueww = plr,r")Ver(|r —1'|: (kF)) G-matrix interactions

1 ———
Vi = 9T +1)(25 + 1)[GH + GL.J
- _ 1 | o H‘} . (_)’
1i/E::_f.' Z(QT + 1)(2*5 - 1)[GTS - GTS]

22ty + 1)(2sy + 1) &=

Averaged-kr Approximation

(p) = (ov(r)|p(r)|oyv(r))
(kp) = (157" (p))'°

calculated
self-consistently

U Mixed density p(ri.r2) =3;¢;(ri)@;(r2) obtained from SkHF w.f. T



ESCO8c&NSCITTIhHF AN BG-matrix interactiond ¥R
(FIUnucleon spectraz L 3)

'S S AR AR D [ Uy Uy m

4

ESCO8¢ | —13.3 =26.7 26 02 18 —-32 —-1.6]-40.0]1.09]0.73
NSCY7t | —14.6 =250 23 04 3.7 —0.8 —13|—=354|1.560.67

O EWZodd statestzdpd (BBETIIAZLE)
O ESCO8cidlsakaditHETHWSN/=/X—Tay
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E, (MeV)

COur Case>

_10_

_15_

_20 -

_25 —

-30 1

5 p d f

exp (—23.7 —17.6 —10.9 —3.7

MPa|—-23.8 —17.4 —10.6 —3.8
ESC [—23.7 —16.8 9.8 —-3.0

S e m—
000 005 010 015 0.20
A 2/3

exp |—11.9 —11.4
MPa|—12.3 —11.6
ESC|—11.1 —104




Strong density dependence by (MPP+TBA)
m==) mass-dependence of B,
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RMF model {23V Bhyperon sector\N®Dinput

U = —30 MeV -40.0
U = 430 MeV +15.2
UMY = 18 MeV 1.2

G-matrix with ESC08c

Q)
G
UyDH YN interactionD$gERTITH L
Density dependence, Effective Mass, etc




Quark-Pauli effect in ESC08 models

Repulsive cores are similar

ESC core = pomeron + w to each other in all channels

Assuming
“equal parts” of ESC and QM are similar to each other

Almost Pauli-forbidden states in [51] are taken
into account by changing the pomeron strengths
for the corresponding channels phenomenologically

> factor * gp




by Oka-Shimizu-Yazaki
Table ITI. SU(6) fs-contents of the various po-

tenti%lls on tht? isoap?in, spin ?basis. 5.1) V =aVisy + 0Viag
(5.1) V =aVisy +bViay (0,0)  Vaa,aa = 3Visy + 3 Visy
(0.1)  Vyn = —1”[51] + 91”[33] (0,0)  Vznzn= %}”7[51] + %E[SS]
(1,0) VNN = 5V[s1] + 2Vsg (0,0) Vez sz =V + wV33
e . 1 1
(0,1/2)  Vaa = ?I"T[m] ?V,[BB] (0.1)
(1,1/2)  Vaa = -"‘[ 51] + 5 V[33) (0,0)
EU, l??; Vey = 1/[51] + —I”[ 33] (U. 2)
1,1/2) Vex = —V[ 51] + I’[gg] _
) Yy [ 1] g Y [33] 1.1 Ven =n — EI; _‘{f
(1,3/2) Vgx = EV[ 511 + é{,f[gg] ( ) 'EN,EN = 27 [51] _|_ [33]
(1,1)  Vsa,za = 2Visy + I”[33]
(1,1)  Vez py =52V + 5= Va3

Pauli-forbidden state in V(g ms) strengthen pomeron coupling

|

VBB=V(p0m) + WBB[51] *V(PB)




Table 1: Values of Uy, at normal density and partial wave contributions for

ESC08c models (in MeV).

model T
ESCO08c | 1/2
3/2

35, 1P, 3P, 3P, 3D D | Uy
216 24 21 —6.0 —-1.0 —=0.7
_. 18 59 —1.5 —02]+12

Pauli-forbidden state in QCM =» strong repulsion in T=3/2 3S; state

2.~ in neutron matter
Uz‘ = +15.2 MeV



Events of twin A hypernuclei in emulsion

Event I (most probable mode) [1]

=~ +C — Be +5% = = 0.8 ).17 MeV) .
(A) | == +7C —=7Be+3*H (B 0.82 +=0.17 MeV)
(B) =7 +12C ={Be+iH* (Bz=— = —0.23£0.17 MeV) .

E176 events Event II (three possibilities) [2]

(A)  Z4+12C =iBe+iH (B=— =3.80+0.14 MeV) .
(B) L= 2C 9 Rer i H (B =082+ (14 MeV)
(C)  Z74+P2C =Be+iH* (Bz- =2.84£0.15 MeV) .
(D) =7 +2C —{Be* +3H* (Bz- = —0.194+0.15 MeV) .
ARBARVE == +MN =1 Be +5 He

(A)  8Be in ground state (Bz- = 3.82 £ 0.18MeV) .
(B) | 'Be in excitation of 2.68MeV  (Bz- = 1.14 4 0.18MeV)




G-matrix folding model

=" 4+'*C

ESCO08c  Ehime exp
1S Bz 3.83 5.10
[z 1.49 0.21

ESCO8¢ Ehime exp

1S Bz 4.82 5.45
['=- 1.87 0.25
(r?) 3.18 3.18
kr 1.19 1.25

2P B=- 122 Fii 11T 018
=- 0.77 0.17
Ji2) 566 617
kr 0.93 0.80




Table 1: Uz(pp) and partial wave contributions for ESC08¢ calculated with
the CON choice. I'Z denotes EN-AA conversion width. all entries are in MeV.

T 15{] 351 Lp 1 BP{] 5P 1 P 9 Uz r%
0] 14 —80 —03 1.8 1.4 —2.1
11107 —11.1 1.1 07 =26 —00|-=7014.5
U':." = _1.2 MBV
10 ESCO8e . in neutron matter
5_






Starting from single particle potentials calculated with the G-matrix theory:
Up(k) =Y Uy (k) with B,B =n,p,A, %"
B.f

U ‘[83,} means a single particle potential of B particle in B’ matter

€ = Emass T €kin T Epot
PR 1

_oszﬁ I BV Y + ~Up(k)
I O 3 O " OMg 2 |

Emass Z (Mg — M,)

Bﬁ?(,@;g) 3 R’ )
L e _ 9.,:2)2/3(, \5/3
=k Z5 oMy ¥ T 4 52Mp (37°)(pn)

Bk 1 b K2dk
“pot = sz rpal ) Z/ 5 Un(k)

s
dpR

Chemical potential : pup =
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Chemical potential : pp =

Chemical equilibrium conditions:

Hn = Hp T He
He — Hpu
Hy- = Hp T [He
HA = Hn
Baryon-number conservation : y, +y, +ya +ys- =1

Charge neutrality : y, = ys- + ve + y,



B -stable ntpt A+ matter
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Conclusion

ESC08c+MPP+TBA model
¥ MPP strength determined by analysis for 1604160 scattering
¥ TNA adjusted phenomenologically to reproduce
E/A(py=-15.8 MeV with p, = 0.16 fm™3
% Consistent with hypernuclear data
¥ No ad hoc parameter to stiffen EOS
BB interactions based on on-Earth experiments

MPa set including 3- and 4-body repulsions leads to
massive neutron stars with 2M in spite of significant
softening of EOS by hyperon mixing

MPb/c including 3-body repulsion leads to
comparable to or slightly smaller values than 2M



Hyperon Puzzlel3&3l1517?

B, TikE 30D (MPP+TBA)
th ¥ 2 DOMR relationtz EB&iz%h<DITMPP

254 e .
MPa

2.0
with (w/0) TBA
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