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Phenomenological approach

to dense hyperon mixed matter EOS
AKira Ohnishi (YITP, Kyoto Univ.)

YIPQS Long-term workshop
Dynamics and Correlations in Exotic Nuclei (DCEN2011)
20th September - 28th October, 2011

Yukawa Institute for Theoretical Physics, Kyoto, Japan

# Introduction
# Relativistic Mean Field for Hypernuclei and Hyperonic Matter

s Do hyperons survive in 1.97 M neutron star ?

& Summary
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OCD Phase Diagram
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Neutron Star Composition

Hyperons, mesons, quarks

Asym. nuclear matter+elec.+p

Nuclei+neutron gas+elec.

Nuclei + elec.

High Density \ / EOS \

M

s Neutron
Mass Matter
obsv.

Mass&Radius
phase tr . Sym.
Low density Matter
Red Shift
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1.97 £ 0.04 M . Neutron Star

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).
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are therefore not ‘free’ quarks'’.

signature. We calculate the pulsar mass to be (1.97 %= 0.04)M o, which
rules out almost all currently proposed®** hyperon or boson con-
densate equations of state (Mg, solar mass). Quark matter can sup-
port a star this massive only if the quarks are strongly interacting and
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Hyperons in Dense Matter

# Hyperons are HOT now !

@ What makes NS matter core ? Nucleons ? Quarks ? Hyperons ?

@ How can we suppress hyperon appearance in NS ?
or How can hyperonic matter be so stiff ?
or Which inter-quark interaction supports 1.97 M_ NS ?

We stick to hyperonic matter (rather than quark matter),
and discuss possible mechanism

to stiffen the EOS at high density.

-m Y-TP *‘?QS . .
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| Relativistic Mean Field I
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Theories/Models for Nuclear Matter EOS

# Ab initio Approaches to Nuclear Matter

@ LQCD-MC: Not (yet) applicable to cold dense matter, A <4
SC-LQCD: Nuclear matter does not bound

@ Variatioal, BHF: Need phen. 3-body repulsion to reproduce saturation point.

@ GFMC: Limited to be A <12.
@ DBHF: Good, but E/A is not enough. Not yet extensively investigated.

— Not easy to handle, Not yet satisfactory for phen. purposes

# Mean Field Models (~ Nuclear Density Fuctional approach)
@ Skyrme Hartree-Fock(-Bogoliubov)

+ Non.-Rel.,Zero Range, Two-body + Three-body (or p-dep. two-body)

+ Nuclear Mass is very well explained (HFB, Total B.E. AE ~ (0.6 MeV)

+ Causality is violated at very high densities.
@ Relativistic Mean Field

+ Relativistic, Meson-Baryon coupling, Meson self-energies

+ Successful in describing pA scatering (Dirac Phenomenology)

- - ?QS
- Y TP # Ohnishi @ DCEN2011, Sep.20-0ct.28, 2011, YITP, Kyoto, Japan 8



Relativistic Mean Field (1)

Relativistic Mean Field
= Nuclear scalar and vector mean field generated by mesons
— Why do we use relativistic framework ?

@ Nuclear Force is mediated by mesons
— Let's consider meson-baryon system ! - _O
(Entrance of Hadron Physics)

@ We are also interested in Dense Matter EOS
— Sound velocity exceeds the Speed of Light (=c) with Non.-Rel. MF

G, (0, p,...

@ Success of “Dirac Phenomenology”
(Dirac Eq. for pA scattering — Spin Observables)
— Strong Scalar and Vector Mean Fields are preferable to explain
Spin Observables

@ DBHF (Dirac-Brueckner-Hatree-Fock)
— Successful description of nuclear matter saturation point
based on bare NN interactions

RMF is a good starting point as a framework
of hadronic system including Nuclei and Nuclear Matter

Lecture I1(c) 9



Dirac Phenomenology

E.D. Cooper, S. Hama, B.C. Clark, R.L. Mercer, PRC47('93),297

# Dirac Eq. with T
Scalar + Vector pA potential 200 £
(-400 MeV + 350 MeV) s
— Cross Section, Spin Observables «E

-400 F
105 1.0 R TR
s 3 06 |
2 108
E 102 > 00 '
S 10!
E 100 -0.5

10~1

10-2 0 10 20 30

6c.m (deg)
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EOS in Dirac-Brueckner-Hartree-Fock

R. Brockmann, R. Machleidt, PRC42('90),1965

# Non Relativistic Brueckner Calculation
— Nuclear Saturation Point cannot be reproduced (Coester Line)

# Relativistic Approach (DBHF)
— Relativity gives additional 0 —

L
repulsion, leading to |
successful description 5 ¢ -
of the saturation point. | o

= 10 | , By
= i .
"’H 15 — ' .
- | 1, A
20 + |
25 I
08 12 16 2
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Relativistic Mean Field (2)

# Mean Field treatment of meson field operator

Meson ield operator is replaced with its expectation value
¢(r) — <@(r)>

Ignoring fluctuations compared with the expectation value
may be a good approximation at strong condensate.

# Which Hadrons should be included in RMF ?

-

-

-

Baryons (1/2+) p,n, A, X, E,A, ...
Scalar Mesons (0+)  ¢(600), £ (980), a (980), ...

Vector Mesons (1-)  ®(783), p(770), ©1020), ....
Pseuso Scalar (0-) n,K,n1n'...
Axial Vector (1+) a

1’ [ XXX J

We require that the meson field can have uniform expectation values in
nuclear matter.
— Scalar and Time-Component of Vector Mesons ( 6, ®, p, ....)

Lecture 1(c) 12



ow Model (1)

Serot, Walecka, Adv.Nucl.Phys.16 (1986),1

# Consider only 6 and ® mesons

# Lagrangian

L=9(iy*9,~M+g,0—g,y o) , o
| 1 , » 1 v 1
+§8M08“0—5msc _ZFMVFM —|‘§le(1)u(x)pL i"'O

(Fuv:auwv_aku)

# Equation of Motion

0 oL | oL _
@ Euler-Lagrange Equation Py - 8( au ¢i>-—£_

0

G.’[@H(?“—I—m?](r:gs@ P
w0, F+mw'=g §y'y - [8“8”+mi]wvzg‘,®va
Wy (id,~g,V,)~(M—g,0)|w=0

Lecture 1(c) 13



# FKuler-Lagrange Eq.
0, F" +mw'=g, 4y y
# Divergence of LHS and RHS
0,0, F"" +m, (0, w")=m,(0,w")=g, (0,9 y"p)=0

LHS: derivatives are sym. and Flw is anti-sym.
RHS: Baryon Current = Conserved Current

# Put it in the Euler-Lagrange Eq.

0, F""=0,(0"w"—-0"w")=0,0"w" —0"(0,w")=0,0"w"

- PQs
mm Y TP R\
|
="smw 'YUKAWA INSTITUTE FOR
- THEORETICAL PHYSICS -
gt |
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Schroedinger Eq. for Upper Component

# Dirac Equation for Nucleons

(iya—yoUv—M—Us)w =0, U,=g,w, Uz=-g,0
# Decompose 4 spinor into Upper and Lower Components

E-U,—M-U, io-V (f):O &7 E+M+US—UV(U'V)f
—io-V —E+U,—M-U,|\g (E-M-U,-U,) f=—i(c-V)g
# Erase Lower Component (assuming spherical sym.)

_l_ldl d 1

~i(0V)g=—(0V)(0V) f ==V ;y]w-ﬂ(w)f =-VVs +i‘[5}]<("”f

(o7)(o-V)=(rV)+ic-(rxV)=rV—-o-l
# “Schroedinger-like” Eq. for Upper Component

1
E+M+U.—U,

r

-V Vi+UAU+U;5(00)) f=(E-M)f

1
Us=

(Us,Uv)~ (-350 MeV,280 MeV) v
—Small Central(Us+Uv), Large LS (Us-Uv)

d 1

- E+M+U U <0 on surface

Lecture 1(c) 15



Various Ways to Evaluate Non.-Rel. Potential

# From Single Particle Energy

Y(E-U)+iy-V—(M+U)|lw=0 - (E-U, \=p*+(M+U)’

2
—>E=\/p2+(M+US)2+UV~Ep+MUS+UV+p3U§
E, 2B

(E,=Np*+M’)
# Schroedinger Equivalent Potential (Uniform matter)

2 2

\Va E U,—U, E+M
————f+|U +—U + = E—M
ZMf S M 7 2M J 2M ( )f
E
Ucco~lU +—U
SEP S M %

Anyway, slow baryons feel Non.-Rel. Potential,

U~U+U =—g.0+g w

Lecture 1(c) 16



Nuclear Matter in cao» Model

# Uniform Nuclear Matter

Serot, Walecka, Adv.Nucl.Phys.16 (1986),1

3
Pedp o« 1 2 2 1 2 2
E/szNf e E +§mSU —5 MW +g ppW
P
g g ¢ d’p 20—
W="=35p,=Y
‘2) B N ‘2) f ( 2 T )3 i K .'I I'I
10 = . /S -
v, = Nucleon degeneracy 5 | MATTRE y
(=4 in sym. nuclear matter) - | N S
| ™~
o ., [
Problem: EOS is too stiff | - NUCTEAR .
K~ (500-600) MeV ! e
— How can we solve ? —20 b = - —

Lecture 1(c) 17



o w model --- pros and cons

# Pros (merit)
@ Foundation is clear: based on the success of Dirac phen. and DBHF.
@ Simple description of scalar and vector potential in 6 and ® mesons.
@ Saturation is well described in two parameters.
@ Natural explanation of large LS potential in nuclei.
# Cons (shortcomings)
@ Relation with the bare NN interaction is not clear.
@ Especially, pion effects are not included.
@ Symmetry energy is too small.

@ Incompressibility is too large (K ~ 600-700 MeV)
(c.f. Empirical value K ~ (200-300) MeV)

@ Chiral symmetry is not respected.

Lecture 1(c) 18



High Quality RMF models

# Variety of the RMF models
— MB couplings, meson masses, meson self-energies ~ .
. . pRge G
@ oN, oN, pN couplings are well determined .
— almost no model deps. in Sym. N.M. at low p .9
@ ©*term is introduced to simulate
DBHEF results of vector pot.
TM: Y. Sugahara, H. Toki, NPA579('94)557;
R. Brockmann, H. Toki, PRL68('92)3408.
60 - . - ——
@ ¢° and ¢* terms are introduced SCL3 L
SCL2 R
to soften EOS at p,. 40 L TMIL - LA q
J. Boguta, A.R.Bodmer NPA292('77)413, = NI e
NLI1:P.-G.Reinhardt, M.Rufa, J. Maruhn, > 20 | FP O B )/ e /,,f”f
W.Greiner, J.Friedrich, ZPA323('86)13. o RBHF © i r,»ﬁf
NL3: G.A.Lalazissis, J.Konig, P.Ring, =3 , 57 Er”
PRC55(97).540. 0 %ﬂ% g,f@iﬁ)m N_7
— Large differences are found 50 B GrET | |
at high P 0 01 02 03 04 05 0.6

3
pg (fin ™)
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
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How to determine Non-Linear terms 2 (1)

B/A(MeV)

# Method 1: Fit as many as known observables

@ EOS, Nuclear B.E., High density EOS from HIC, Vector potential in
DBHF, Neutron Star, ...

sun

Lighter side

Heavier side

1 Zr Sn i
Ph
SCL3
SCLr ———-
- TMlapd2 -
E‘I_]_]. F
10 20 30 40 50 100 150 il
A
3 T
- e L
2.5 ;
15 b g s .
;J,z’f- .
1+ //sCL3 IOTSY
f/SCL3A NI 1
0.5 / scL2 —— NL3 = —-
/ TM™M1
0 - - .
o 05 1 1.5
pg (fm ~)

Pressure (MeV/ i‘.'m‘3 )

==
=

[
=]
Ak

10° ¢

=
T T

1500

- ~ SCL3 e
e Z SCL2 57
o = TM1 7
Z 1000  NL1 5
,_E i\ 3
S
=
=
-
<
<
; 2
>
. Danielewicz etal. = 3 -
=
0.1 02 03 04 EIEE 0.6 0.7 08 & S
pg (fm ' ' '
B ( ) 0 0.2 0.4 0.6 0.8
pp (fm ™)

P. Danielewicz, R. Lacey,W. G. Lynch,
Science298('02)1592.

R. Brockmann, R. Machleidt, PRC42('90)1965.
K. Tsubakihara, H. Maekawa, H. Matsumiya,
AO,PRC81('10)065206.
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How to determine Non-Linear terms 2 (2)

# Method (2): Fix parameters by using
symmetry, such as the Chiral Symmetry

e (MeV/im®)

# Chiral Symmetry

@ Fundamental symmetry of massless QCD, o (MeV) ™ (MeV)
and its spontaneous breaking generates 300 ' T
hadron masses. soo b\ T

KRN ] o

Nambu, Jona-Lasinio ('61)

100 oo,

E/V (MeV/fm®)

@ Many of the linear ¢ models are unstable
against finite density (chiral collapse).

pp=0
— Log type chiral potential 100 - - .
Sahu, Tsubakihara,AO('10), Tsubakihara, AO('07), G (MeV)
Tsubakihara et al.('10) S0.0 T
40.0F — chiral r-exchange ;A
@ Non-linear representation (chiral pert.) ol 202 [

leads to density dependent coupling from one-
and two-pion exchanges.

Kaiser, Fritsch, Weise ('02),

Finelli, Kaiser, Vretener, Weise ('04)

E/A (MeV)

Lecture 1(c) 21



Dense Nuclear Matter EOS
with Hyperon Admixture
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Bruckner-Hartree-Fock

# Self-consistent treatment of

Effective interaction (G-matrix) in the Bruckner Theory

and

@ Need 3-body force to reproduce
saturation point.
— FY type 2 ® exchange
+ phen. or Z-diagram

Single particle energy from G-matrix

-10 I T I T I T I T I I
-12+  AC
4T e V18
A *
A AT A4
e [ * . PAR
< a8l PAR ws;:.
o - N3 g NIl
S 20¢ ®  ro® o i
< 29l cD
B %2 I e BHF te @ ]
4L * BHF+TBF i
s 4 DBHF N3®
-26 15® -
28 A®]
-a0 ] , ] , ] , ] , ] , ] ,
0.15 0.20 0.25 0.30 0.35 0.40

p (fm™)

B/A (MeV)

50

40

30

20

10

—o— PAR: Paris
—0O—'14: Argonne V14
—u—\18: Argonne V18

—®— A Bonn A
—u—B: Bonn B
—e— C: Bonn C ,fl
—0o— CD: CD-Bonn !/
[—&— R93: Reid23 ;.ff
| —w— NI3: Nijmegend3 /.,
—d— NI: Mijmegen | L
. P
|— — NIl Nijmegen || / _si
—+—MN3: N3ILO / f.f’a_,
—%— IS / f:f
—o0— PAR+TBF ® /.

=—0— V14+TBF / Y

—u—V18+TBF // o O

— w- V18+Z-diagram ;’fﬁx;i 1

—o— Bonn A (DEHF) Xt;f;!; /

— m— Bonn B (DBHF) .;;/

|—#—Bonn C (DBHF) /~ /. /
» i !/

&

Ly .

B

Z.H.Li, U. Lombardo, H.-J. Schulze, W. Zuo, L. W. Chen, H. R. Ma, PRC74('06)047304.

- T QS
|
="mm m  YUKAWAINSTITUTEFOR
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Bruckner-Hartree-Fock theory with Hyperons

# Microscopic G-matrix calculation with realistic NN, YN potential
and microscopic (or phen.) 3N force (or 3B force).

@ Interaction dep. (V18, N93, ...) is large — Need finite nuclear info.
E.Hiyama, T.Motoba, Y.Yamamoto, M. Kamimura / M. Tamura et al.

@ NS collapses with hyperons w/o 3BF.

20
M
25} | Mo
20} -
15
" 15[ -

M

1.0}

1.0 ¥Y—Mixed region

05 - =

| R""' | i B AN = Super
0.0 . 1 n 1 . 1 . . 1 n . 1 ) A

g A

i0 12 14 1600 04 08B 12 16 e

) 0 I 5 10 p./p, 15
R (km) p_(fm™) P, ()
H.J.Schulze, A.Polls, A.Ramos, I.Vidana, S. Nishizaki, T. Takatsuka,
PRC73('06),058801. Y. Yamamoto, PTP108('02)703.
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Relativistic Mean Field

a8 Effective Lagrangian of Baryons and Mesons + Mean Field App.
B.D.Serot, J.D.Walecka, Adv.Nucl.Phys.16 ('86), 1

L=Ly +L\"+L,, +L) G, O, p,
1
LInt__U
o)+ e,
__ZgBSLI)B(pSLI)B_Z gBVLI_JBtuuLIJB
B,V

C (0, ") 4+

ree  — ree 1 1 1 N 1
LZ =y, (ly a - M >L|J ’ Lt;w :Z[Eau(PSau(pS_Emécpé]—i_z[_ZVLWV“ +5
S V

@ Baryons and Mesons: B=N, A, X, &, ..., S=6,G, ..., V=00, 0,0, ...

V.Vt

@ Based on Dirac phenomenology & Dirac Bruckner-Hatree-Fock

E.D. Cooper, S. Hama, B.C. Clark, R.L. Mercer, PRC47('93),297
R. Brockmann, R. Machleidt, PRC42('90),1965

@ Large scalar (att.) and vector (repl.) — Large spin-orbit pot.
Relativistic Kinematics — Effective 3-body repulsion

@ Non-linear terms of mesons — Bare 3-body and 4-body force
Boguta, Bodmer ('77), NL1:Reinhardt, Rufa, Maruhn, Greiner, Friedrich ('86), NL3:
Lalazissis, Konig, Ring ('97),TM1 and TM?2: Sugahara, Toki ('94), Brockmann, Toki ('92)

- - QS
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Choice of U (o)

# Logarithmic o potential

K. Tsubakihara, AO, PTP 117 (2007) 903.
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10) 065206.

ng—%logdet(MM+)+%tr(MM+)

—do(detM—l—detM+)—%tr(M+M+)

M =Meson matrile?»“(aa—l—irta)]/\/i

@ No chiral collapse, No instability at large ¢

@ Log o term appears from coupling to dilaton (scale anomaly)
E. K. Heide, S. Rudaz, and P. J. Ellis, NPA571('94)713

or from strong coupling limit of lattice QCD
N.Kawamoto, J.Smit, NPB 190 ('81)100.

@ det ¢ term (KMT interaction) represents U(1), anomaly

M.Kobayashi, T.Maskawa, PTP44('70)1422; M.Kobayashi, H.Kondo, T. Maskawa,
PTP 45('71)1955; G. ’t Hooft, PRD 14 ('76)3432.

- - QS
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RMF is a phenomenological MODEL !

# Baryon one-loop approximation (Hartree approximation) makes RMF

a phenomenological model.
— We need DATA and AB INITIO results.

-

]

]

S N T Y

Saturation point ( p, and E/A(p ) from mass formula

Nuclear binding energies
U, and U  from DBHF results

P(p,) from heavy-ion data

A separation energy from single A hypernuclear data
AA bond energy from double A hypernuclear data

Y. atomic shift

Y. and E potential depth from quasi-free production data

Pure neutron matter EOS from ab initio calculations (not used here)

-m. = ?QS
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RMF models

# Variety of the RMF models
— MB couplings, meson masses, meson self-energies

@ oN, oN, pN couplings are well determined
— almost no model deps. in Sym. N.M. at low p

@ o*term is introduced to simulate DBHF results of vector pot.
TMI&2: Y. Sugahara, H. Toki, NPA579('94)557;
R. Brockmann, H. Toki, PRL68('92)3408. 60

. SCL3 —— | Y
@ ¢° and ¢! terms are introduced SCL2 P
to soften EOS at p,. _ 40 | {:&I{i i y
J. Boguta, A.R.Bodmer NPA292('77)413, ::; NL3 —— .-"'I-”f ,F
NL1:P.-G.Reinhardt, M.Rufa, J.Maruhn, = 5, | FP @ S
W.Greiner, J.Friedrich, ZPA323('86)13. : RBHF © A Hﬁf
NL3: G.A.Lalazissis, J.Konig, P.Ring, ~ Ll
PRC55("97)540. ~ 0 157 L
— Large differences are found 1% cog T N=£L
at high p -20 ' ' ' ' '
0 0.1 0.2 03 04 05 0.6

-3
pg (fin ™)
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
- = ?QS
wt YTP y # Ohnishi @ DCEN2011, Sep.20-Oct.28, 2011, YITP, Kyoto, Japan 28

[ YITP Kyoto < Ses]



Vector potential in RMF

# Vector potential from ® dominates
at high density !

2
Q)

U,(pp)=8uW~=5 pg
m

w

@ Dirac-Bruckner-Hartree-Fock shows
suppessed vector potential at high p_.

R. Brockmann, R. Machleidt, PRC42('90)1965.

Collective flow in heavy-ion collisions
suggests pressure at high p_.

P. Danielewicz, R. Lacey, W. G. Lynch,
Science298('02)1592.

Self-interaction of ® ~ cw(cou(o'“)2
— DBHEF results & Heavy-ion data

K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.

Scalar, Vector Potential (MeV)

1500

Pressure {_\’le\"';’fm"?'}

SCL3

RBHF o = .77

TM1 - o
NL1 7
NL3 — .~

L
|I I:-]‘..-

o)

/_'_:_-'-'-I':-'-T-\.-_-_._'E;-l---;—--‘ _
50— Vector

95— Scalar
el 2T o —
0 0.2 0.4 0.6 0.8
pg (fm ™)
«* NL3
18 Danielewicz etal. = _
01 02 03 04 05 06 0.7 0.8

PR (fm";)

- T QS
|
m  YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS voto 2
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RMF with Hyperons (Single A hypernuclei)

# RMF for A hypernuclei

x ~ 1/3: R. Brockmann, W. Weise, PLB69('77)167; J. Boguta and S. Bohrmann, PLB102('81)93.

x ~ 2/3: N. K. Glendenning, PRC23('81)2757, PLB114('82)392;

Tensor: Y. Sugahara, H. Toki, PTP92('94)803; H. Shen, F. Yang, H. Toki, PTP115('06)325;
J. Mares, B. K. Jennings, PRC49('94)2472.

p-dep. coupling: H. Lenske, Lect. Notes Phys. 641('04)147; C. M. Keil, F. Hofmann, H. Lenske,
PRC 61('00)064309.

SU@3) or SU(6) (s, 9): J. Schaffner, C. B. Dover, A. Gal, C. Greiner, H. Stoecker,PRL71('93)1328;
Schaffner et al.,, Ann.Phys.235('94)35; J. Schaffner, I. N. Mishustin, PRC 53('96)1416.

Chiral SU(3) RMF: K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206.

@ Sep. E. of A is well fitted 30 A Pp—
by U, ~-30 MeV ~2/3 U_ a5 | A SaTom s e
@ Coupling with mesons 2
— 2 15
XM_gMA/gMN =
quark counting: x_~2/3 A~ 107
n exchanges: x_~1/3 ST
— Which is true ? il
5

0 0.05 0.1 0'151-1 0.2 0.25 0.3
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206. Acore
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RMF with Hyperons (Double A hypernuclei)

s Nagara event AB, ~1.0 MeV (weakly attractive)

@ TM & NL-SH based RMF
H. Shen, F. Yang, H. Toki, PTP115('06)325.
Model 1: x = 0.621, x_=2/3 (no ¢, ¢)

Model 2: R=g /g =0.56-0.57,R =g /g = -2/3
@ Chiral SU(3) RMF

K. Tsubakihara, H. Maekawa, H. Matsumiya,
AO, PRC81('10)065206.

SUQ3)f for vector coupling T

Xm=0.64, Rq)=0.504 Tr S, fit vs AB,, , fit
Det. (KMT) int. mixes ¢ and ¢ 631

M. Kobayashi, T. Maskawa, = 6F

PTP44('70)1422; 5 | N

G. ’t Hooft, PRD14('76)3432. < | e
— x =0.335, R =0.509 T | ABy, fit O

° : 45 1 s, fit
4

2.2 24 26 28 3 32 34 3.6 3.8 4
2oA
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Hyperon Composition in Dense Matter

s Hyperon start to emerge at (2-3)p, in Neutron Star Matter !

# Hyperon composition in NS is = 10°
sensitive to Hyperon potential. *§ .

@ U ~-30 MeV: Well-known % 102

@ U_~-(12-15) MeV Z 10°

U12345f6?8910
P.K.Sahu, AO,NPH691('01)439c¢

-
= -J'"'d‘
= — #.‘J-.- '-P - -3
# -
-, '_P'

(K, K") reaction, twin hypernuclei
P. Khaustov et al. (E885),PRC61('00)054603;
S. Aoki et al., PLB355('95)45.

@ U,~-30 MeV (Old conjecture)

— X~ appears prior to A k5 <
. . @ I / ;’f J." ™\ ~.“r U, =+30 MeV
@ U_> 0 (repulsive) — No X in NS c 107 e
= s
X atom (phen. fit), QF prod. g =0 /

I
S. Balberg, A. Gal, NPA625('97)435; 107 |
H. Noumi et al., PRL89('02)072301; |
T. Harada, Y. Hirabayashi, NPA759('05)143; 107~ L R R R T
M. Kohno et al. PRC74('06)064613. Density (fm )

J. Schaffner-Bielich, NPA804('08)309.
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Hyperon Composition in Dense Matter

& Comparison of Hyperon Composition
@ U,=-30 MeV, U_=-28 MeV — SU(3) sym. matter at p, ~ 10 p,
Schaffner, Mishustin ('94)

@ U =130 MeV, U_=-15 MeV— X baryons are strongly suppressed.
C.Ishizuka, AO, K.Tsubakihara, K.Sumiyoshi, S.Yamada, JPG35('08)085201.

— Does X play no role

in NS ?

- T QS
|
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=107}
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2" atom data

10

# X atom data suggested repulsion in =3
the interior of nuclei ! ] >
C.J.Batty, E.Friedman, A.Gal, PLB335('94)273
Batty's DD potential is very repulsive T ! T/ 1
so | / “‘:ﬁ g
0

109

inside nuclei.
— No X baryon in dense matter.

Atomic ShiftieV)

f 8 w12 14 16 18 T 75 8O 85

100 —— £
BD 1 Ed 105 3
r':: f f
© 60 _ I ]
= = _
40 st ]
N = ]
’u‘i. 20 E SR —e— |
N o 1n '-.\ R : 3
-2 0 t > Exp. ]
_20 — = T - -: 1 1 1 1 . . . . .
55 60 65 70 75 BO BS5 8.0 10 12 14 6 70 75 80 85
r (fm) 7
J.Mares, E.Friedman, A.Gal, B.K.Jennings, K. Tsubakihara, H Maekawa, AO,
NPA594('95)311. EPJA33('07)295.
1YITP 9% — p
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2 atom in RMF

# RMF fit of Si and Pb X atom 50

a =¢g /g . ~2/3(M),0.69 (T) ot

o =g . /g ~2/3(M),0434T) :
J.Mares, E.Friedman, A.Gal, B.K.Jennings,
NPA594('95)311; Tsubakihara et al.('10)

@ Much smaller L. than naive SU3) (g 0E

. . ° -0 F
or | & ;x=2), Which has been applied in .
some of previous works.
30 T T T T T T T so
40
20 + NL i
< T a =2/3
T 0} \ ] -
I‘:-ré r d - -;_'
W e—10 |k . -~
> fﬂ’j -1
—20 B !,- b = 20
=30 1 T — T - L L i I i .30
0 2 3 4 5 6 7 8 9 1
r(fm)
SIYITP R

[ YITP Kyoto 2 2.2

Vopi(MeV)
=

T eI _c:
Vopt 0of L In Si

" Re. parSR) -

Im. partis®) - - -

Re. part/WR) — — -

Im. paartVWH)

rifm)

v

opt OF Z in Ph

1
He, partiSR) ———
Im. partiSHE) - - -
Re. partfWR) — — - 7
Im. partWR)

r{fm)
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2 atom and Neutron Star

# Y. may not feel very repulsive potential
in neutron star....

@ p’-type fit — very repulsive

Re Ug(r) (MeV)

@ RMF fit — small isovector potential

— QF prod. may support the latter.

Y would appear in NS.
r (fm)
T. Harada, Y. Hirabayashi,
NPA767('06)206
A: 1 g — T -_-"_1 1 —— T T ‘-& 1 B ! !
- —q"h—______ =y o y —:'H""‘———__
~ SCL3A — =~ 5-:13.-#*——— SCL3AL T
o oy - (8pr = Sar) -
I | I
- 1n-1 I = -l . = 1n-1 P
- 10 A s - 10 T e - 10 el
= s = do — - ¢ T
.é {f I:I Il _g If' n é / h n -
2 s ' P — ' P g s P
E 107 T A S10° T A £ 107 ] A eeeeees
= L e =z S 2 ¥
E W £ e £ e
R N I S g ot b i , o3 b i H ,
0 03 06 09 1.2 0 03 06 09 1.2 0 0.3 0.6 09 1.2
Pr Pg Pe
i} s K. Tsubakihara, H. Mackawa, H. Matsumiya, AO, PRC81('10)065206.
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Neutron Star Mass

# Large fraction of hyperons
softenes EOS at p_ > (0.3-0.4) fm~

@ NS star max. mass red. ~ 1 Msun.

@ RMF generally predicts stiff EOS at
high density.
(Scalar attraction saturation,
or Z-graph in NR view.)

@ Some of RMF with Y do not support
1.44M_ .

# Additional Repulsion at high p ?

@ Vector mass mod.

— stronger repulsion at high p.
M. Naruki et al., PRL96('06)092301.

@ Another term such as NNoo.

o
n

0.1 1

ifm'jl

[—
— tn [
T T

NS mass (M, )

—
"-‘
tn

0

T™MI ----
EOSY(SM) _
EOSY —

EOSY®w -

10"

3 ;
NS mass _.— # —-—_ _
25 | e
E 2 I,r' e
= LS T
= 1 SCL3 ™1
' SCL3A IOTSY -~
0.5 | / SCL3AX NL1
SCL2 NL3 — —
0 ' . .
0 0.5 1 15 2
pp (fm ™)

C. Ishizuka, AO, K. Tsubakihara, K. Sumiyoshi, S. Yamada, JPG35('08)085201.
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206.
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RMF is a phenomenological MODEL !

# Baryon one-loop approximation (Hartree approximation) makes RMF

a phenomenological model.
— We need DATA and AB INITIO results.

O @ Saturation point ( p, and E/A(p,)) from mass formula

O @ Nuclear binding energies
O @ U, and U, from DBHF results

O @ P(p,) from heavy-ion data

Oa A separation energy from single A hypernuclear data
O @ AA bond energy from double A hypernuclear data
O @ X atomic shift
O @ X and E potential depth from quasi-free production data
@ Pure neutron matter EOS from ab initio calculations (not used here)

A @ Neutron Star Max. Mass ~ 1.40 M _, a little smaller 1.44 M ..

‘ The Judgement Day, Oct. 28, 2010. I
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ot YTP y # Ohnishi @ DCEN2011, Sep.20-Oct.28, 2011, YITP, Kyoto, Japan 38

[ YITP Kyoto < Ses]




Can hyperon survive in 1.97 M

neutron star ?

-m Y-TP *‘?QS . .
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Which type of EOSs are rejected ?
# Rejected Hyperonic Matter EOS

@ Relativistic Mean Field model

GM3: Glendenning & Moszkowski (1991)(npY) ./8{1/.
GS1: Glendenning & Schaffner-Bielich (1999)(npK)
@ Coupling ~ Quark Counting (g _,/g .~ 2/3)
@ Even with rel. effects, we cannot support 1.97M 8 8
as long as we resnect hvnernuclear & HIC data.
0.1 1 (fm™) 3
25 I 10° ¢
l} =30 MeV .
) = T
T 20 =-15MeY S el
=15 e <
» =
-y - : 10! SCL2
£ IML ---- 7 ; TMI
Z 05 EOSY(SM) — | % S NLI
EOSY — & L0 Y, NL2
0 _ EOSY¥m -~ 10" ¢ 7 Danielewicz et al.
10" 10° 10° 01 02 03 04 05 06 07 08
Central Density (g/cc) pp ( fm3]

Ishizuka et al., (2008) Tsubakihara et al., (2010)
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] TABLE I. Values of the hyperon-to-nucleon scalar and vec-
. RMF Wlth hyperons tor coupling that are compatible with the binding of — 28 MeV
for A hyperons in nuclear matter for two values of the nucleon
(Dvirac) effective mass at saturation density.

@ np,Y,0,0,p/c o

Xa m* =07 - it * (=078
@ lee Xc=gcY/ch and ﬁX X(o=ng/g(oN tO ﬁt A gﬁ g.ég: gg?j
separation energy 03 0522 0317
) 0.6 0.653 0.568
0.7 0.783 0.800
ﬂ X - 006 —> m*/m=0.7, X =0.653 0.8 0.913 0.942
(o (O] 0.9 1.04 1.08
1.17 1.23

(similar to quark number counting result,
x=2/3)

—M_ ~1.6 Mg

X
2.5
| . 13
: y & E
! -~ ] -
E o 2 E ]
27 AR -
c s i ] B 014
@ (0.7, 300} - S 157 E E
E 11078, 300) = 1 - 1
3 | s 4 £
E 15+ = N ~ E oo
= 1 n+p+H, 9,,=0 E =
= e m -
1 0.5+ 2 1
i o 4
e ~(0.78. 240) = _ . : :
] 1 000N +—T—FT T T T T T T 17T
0+t 0123466788101 12
03 04 05 06 07 08 08 1 1 14.5 s 15 16 (k)
log (& g/fcm?)
L c
N.K.Glendenning, S.A.Moszkowski, PRL67('91)2414
IIYITP R »

UTE F
HEORETICAL PHYSICS | VITP Kyoto 20
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How can we solve it ?

No

Hyperons, No Kaons

— How can it be consistent with YN interaction ?

Stiff nuclear matter EOS + transition to quark matter at small p_
— How can it be consistent with HIC data at AGS-SPS energies ?

Three-body force for baryons, quarks, ...

Vo

-0.02

-0.04

-0.06

-0.08

0.08

Proton v, for AGS to SPS Energies
0.06 [

0.04

0.02

0 F

E;.. (AGeV)

M.Isse, AO, N.Otuka, P. K.Sahu,
Y.Nara, PRC72 ('05)064908

gt |

| | | | | | | | | | | | | | | | | | |
- I -
20F == hyperon -
[ — hyp+quark B=100 ]
I — hyp+quark B=B (pg)]
1910 3\ = N
10 Maxwell —:
0.5 -
: P i ]
- Bulk Gibbs | | e
UL 8 10 12 14 16
R [km]
_ H.-J. Schulze, NFOCD10
Y TP-o""s# .
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RMF with 3BF

# Three-baryon coupling term

free free n
L=L+L;°+L,, +L +8L ™1 nAb
6L=—UU(O')—%CU(DO' wuw“—%cw(u}uw”)z

_Z LT)B!gUUB()_2+gUwBO_wuyu—l_gwamuwu]qu
B

v =3 terms

@ BBMM terms are ignored in standard RMF.

(They can be absorbed in other terms by field re-definitions.)
R.D.Furnstahl, B.D.Serot, H.-B. Tang, NPA615 ('97)441

@ But field re-definition modifies the order of NDA.
Naive dimensional analysis (NDA)
v=B2+M+d
(B, M, d=# of baryon and non-NG boson field, derivatives to NG fields)

@ Higher v terms are found to be suppressed at p ~ p0, but they will
contribute more at high densities.
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SU3) . “violating” coupling

s Naive RMF assumption = BM coupling follows SU(3)s.

# Short range BB interaction comes from
quark Pauli blocking + one-gluon exch.

Oka, Yazaki; Faessler et al.; Fujiwara et al.; HAL QCD collab.

# Short-range BB repulsion is sensitive to (S,T)

8+1
o \_9

in the s-channel. When we include those interactions in § 8
the bosonized form, BM coupllng violates SU(3); .

V= Z Jep(ww) e——meZgu (T y),

1{HMY

E.g., X atomic shift 00
— g . ~g . (SUQ)) x (0.2-0.3)

Shift (eV)

10

_m ‘ J [_};’i

10 |

= f f f
- 10-=%9

S-=4 8
SCLMSR) —w»
SCLMYWER) A
1 1 L L L ]I:'x p- 1

r\ﬂ3

Tsubakihara et al., (2010)
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RMF with 3BF

s Nucleon vector potential U (p)

in DBHF: Non-linear behavior in p .

— EOS becomes gradually stiffer
at high density !

— 1200 .

= TB-a(WR) —

= TB-b(SR) —

T 8001 pEp o

5

= s

= 400 ¢t Vector

S

o 52

s |

0 0.3 0.6 0.9

pg (fm )

- T QS
|
="mm m  YUKAWAINSTITUTEFOR
- THEORETICAL PHYSICS i)
gt |

Tsubakihara, AO, Hyp2012 proc.

400 T - . T .
Symmetric nuclear matter EOS
TB-a(WR)
300 TB-b(SR) ———
SCL3(w/o n=3 rullp]ingP -------
200 REHF =
100 .
0
50 - - - - -
0 0.2 0.4 0.6 ' 0.8 1 1.2
pglfm™)
B A+1 - TB-a(SU@3)
5 g
25 ﬁ from 1,7 TB-a(R-0.8) - -
TB-h{SU(3))
20 f}\ Eﬁf\ TB-h(R=0.8) :
EE;"-‘ EI]}. —_—
15 .
¢ \\\‘i |
|
5 ~_ P .
0} -
R=8,A/8uN
5 - - - - -
0 0.05 0.1 0.15 0.2 0.25 0.3
‘&mfﬂ'-zf:;
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RMF with 3BF +SU(6) , “violation”

I N | St —

8 Two types of modification Tsubakihara, AO, Hyp2012 proc.

@ 3-baryon repulsion — EOS becomes stiff gradually at high density.
(Fitting meson mass (E325) and Uv in RBHF)

@ R=g /g  ~0.8(~2/3(SU3))
—M__ ~2.02 M with hyperons (~ 1.4 M, w/o 3BF, violation)

300 TB-anp —— 2.5 NS '
npA(SU(3) mass S
npA(R = 0.8) 2t
= 200 }+ TB-bn afooom=TIOS
e = :
= npA(SU(3)) ----- 5 1.5 ¢ fe _
= npA(R = 0.8) =4 V4 TB-a np
= E | : 4 npA(SU3) 1
= 100 y R=g, ./8.,n / npA(R=0.8) ------
Vs 05| / TB-bnp —
A | / npA(SU(3)) -----
0 ___.w*'*i | NS matter EOS 0 /. . npA(R =10.8)
0 0.2 04 06 08 1 0 03 06 09 12 15 18
3 -
pp (fm ™) pe (fm™)
- - ?QS
WY TP S # Ohnishi @ DCEN2011, Sep.20-Oct.28, 2011, YITP, Kyoto, Japan 46



Summary

# Hyperons in dense matter is still an important problem.

s Standard RMF with hyperons cannot support 1.97 M neutron star.

@ Various data / DBHF results can be fitted in RMF.
@ Vector Coupling ~SU(3);, linear BM coupling (BMB)

s RMF with 3BF + SU(3), “violation” may help to support the heavy NS.

@ Atomic shift data of X atom suggests the violation” of SU(3);.

Similar trend is seen in previous RMF with hyperons.
R.Brockmann, W.Weise, PLB69('77)167; J.Boguta, S.Bohrmann, PLB102('81)93.

@ Ab initio calculations with induced/bare 3B force are helpful for phen.
approaches to fix parameters.

@ Discussions during DCEN 2011 were encouraging.
(Importance of 3BF, large effects of 3BF at p )

s Can we support 1.97 M, neutron star with hyperons ?

— Open problem.

-m. = ?QS
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Lih— &

s Sec. 1(b) [ #¥] 12/28 ., KEEEEE T, |

@ RYMELI=NIL EEDERAMSHFELT, POEE(T=0) TOHMRTU ¥
IWZERH&K,
* RE:HREBE-HEREE (FBR{LERTUIYIL) TOHEDRTUOVIVE
BRFOA—VEET2 RETERL. 2 XIBEEBEN
T2+pg2/3n2 =T.2 THAbNAHEEZTRE,
@ YOFEPEHFALT, Wilson L—FOHFEXRESHEE TR L, BESE
BTOHKERICIMAT., 1/@2BENREDEIIICEZAONEINEREET L,
@ bag BEREBARBXICEVLTHIEBNESHBEEZ bag constant B ZRLVTE

. N\FAVHIE 3 DDI(FVEEBR, JA—D T IWN—F B TIRIF—OD D
l/_/ {_ﬁ€3 &Téo

a8 Sec. 1(¢)

@ EXEMBIENIFBER (oo BEF) ITHEWLT., Z%FD four spinor D E 2 fismh
T ARKXZEE AEVHEHDORRZEZEX &,

o HAMNBHNENIBENR (oo BEE) [CHEVT. IRILXF—BEORRAZROE. F
=RBLAHNIE. BPEOREMRZHI=-T LI oN, oN DESEHESZ &L,
AR pe=0.15 fm-3, E/A=-16 MeV &9 3,

(BFBFZ2DOREARALETHS. )
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Thank you for your attention !
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# Fundamental symmetry of massless QCD,
and its spontaneous breaking generates

hadron masses.

Nambu, Jona-Lasinio ('61)

Many of the linear ¢ models are unstable
against finite density (chiral collapse).
— Log type chiral potential

Sahu, Tsubakihara, AO('10), Tsubakihara, AO('07) 200 | 28/2//////// ]|} |

Non-linear representation (chiral pert.)
leads to density dependent coupling

from pion loops.
Kaiser, Fritsch, Weise ('02),
Finelli, Kaiser, Vretener

Weise ('04)
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W YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS oto 20

| THIF AYOIr £ aga)

E/A (MeV)

Chiral Symmetry

MR

T T by
| — chiral -exchange ; -
--++ case 2 I
. —- case 3 o S

P

hae RS

el
0.2

_:;3.3
p{fm)

0.4

0.5

400 ||| &

/ § Fi r !
L A B A A T U R T Y
F g A
Ly ""-._.-' A
0 2 -
e E -

Ohnishi @ DCEN2011, Sep.20-Oct.28, 2011, YITP, Kyoto, Japan

-200
60
40
l;-‘ﬁ':
2[] T Il. }g:"lﬂ} d 4
T I'V.' | f._.-l 200
il [ | | | [ - | w
U - - _I._I' 'I_.'- I'_T'. ?‘_?—:— .Hll_t.n.g :;a.-'ilul-'ﬁ'-'-?. % Ea- .l'ii j:i -
0.7 0.75  , 0.8 0.85 0.9
My My (Pg)
50



Dynamical Black Hole Formation

# Collapse — Bounce — Accretion f, Spermona
Fe core Collapse v Core Bounce fv v-trapping - .-f f Explosion

/" /" p6x10" glom?®

p~101° g/fem® p~3x10'* g/em? p~10" glem?

To~1 MeV T.~10 MeV T ~2 MeV . 7 T~10 MeV
Y,~0.46 Y ~03 / T
g L]
.I. .-‘*
. . arocess’ [

1000 km Shockwave \ . Y,<0.1

— Hot, Dense, Asymmetric Matter
T ~70 MeV, n, ~1300 MeV, op=p /2 ~ 130 MeV

— CP may be reachable

BH (t=0.5, 1.0, 1.344 s)

1400

20 TR [ ] ey A
0| f.\l\.su [ 100 b 1\ 1.344 1 21 100
6| / t}x JEmoo 7 1 £ 50 0
o -1D | ____/_.r:”_.- -i_"-‘_x\l | :f 1[":"] . ...‘.\::,‘:‘M J :E! 5‘ 4020
:I} | - s xh\,\_ | gﬂﬂ - .h‘\-:::—_____.-'__.. -1 l]
0 S 800 — :
P 5 1 15 20 0 5 10 15 20 800 100 3y (MeV)
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