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プレゼンターのノート
プレゼンテーションのノート
Thank you for introduction.
First of all, I would like to thank the organizers to give me this honorable opportunity to talk at the beginning of ISMD.
I will overview phase diagram and heavy-ion collisions.
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IR EETFTEYE

sNuclear physicists thinks that
“Astrophysics is a laboratory of nuclear physics”.

sAstrophysicists thinks that
“Nuclear physics gives us inputs of Astrophysics”.
(~ Kajino's closing at OMEG.)

sBoth of them are true, and hopefully we can keep win-win relation.
Microphysics Inputs

(EOS, reaction rate,
VA, e capture, ....)

>

Nuclear Physics ( Astrophysics

Macrophysics Environment
(T, p, Element abundance, ....)
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Compact Astrophysical Phenomena I
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shiEFE

T/INORE TR

aCold -dense (~ 5 p,) matter (static, v-less)

aMany new forms of matter have been proposed !

sEBHE

aWarm (T ~ 20 MeV), dense (~ 1.6 p,), dynamical, non-eq. v

almportant site of nucleosynthesis
87 5V R— LB
aHot (T ~90 MeV), dense (~ 5 p0), dynamical, non-eq. v

aQCD critical point may be reached

asBH-

uuuuuuuuuuuuuuuu

2 A =

Nuclear matter at various densities and temperatures
is realized in nature !
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quark—hybrid traditional neutron star
star

hE,'pernr
=it pion condensate

neutron star with
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cFL-n? = Lmosehere.
— strange star
GOT bd%E nucleon star
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(jji_tss F) F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193
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BlIVAEFESFY0....

2010FDEYI =21—R
[1.97 £ 0.04 M, DEEZEOTHFENRER ST
Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).

o— R A ERICE D <CH A
[T —(hiEFE)D oSN FEBREE)DELEEY.
a1 A5 N 5 (Shapiro delay), |

MM TODESE
(1.97 % 0.04) M DHEFEL.
nAROY, blFiEEEST
REFBXTIEIZZISNEL,
PDA—0ETHEMBEERD

signature. We calculate the pulsar mass to be (1.97 =+ 0.04)M &, whi

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
are therefore not ‘free’ quarks'?.
e N R
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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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Neutron Star Radius
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Steiner, Lattimer, Brown, ApJ 722 (2010) 33
[arXiv:1005.0811]




Neutron Star Cooling

o 3R HR ERIE & n ISR
aCas A DIEFELRERTEESHNEDRIE

Heinke, Ho, ApJ 719('10) L167 [arXiv:1007.4719]
Page et al., PRL 106 ('11) 081101 [arXiv:1011.6142]

aneutron pair Dbreaking & formation

sZMEBADEE: 5p, BEFTOXvwITE Takatsuka
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Numerical Simulation of Supernova Explosion

sv radiation hydrodynamics T UL e

F. [kim]

aBaryons, Electons, Photons (Hydro)

@+ neutrinos (Boltzmann)

al-dim. (Spherical Sym.)
— Exact v transport leads
to failed supernova explosion failure.

(Sumiyoshi et al., 2005) ne
. . ) R. Buras, M. Rampp, H.-Th. Janka,
@2-dim. Hydrodynamics — merginal K. Kifonidis, PRL90(03)241101

(Janka et al., 2002) v

L]

radius [km]

K. Sumiyoshi, S. Yamada, H. Suzuki, H. Shen, N e . o o N
S. Chlba,H Toki, ApJ629(05)922 000 02 0.4 0.6 0.8 1.0

time [sec)
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Numerical Simulation of Supernova Explosion

sRecent developments (approximate v transport)

aLight progenitor (8-10 Msun, 1D)
— Successful explosion with simultaneous calc. of nucleosynthesis

aHeavy progenitor (15 Msun, 2D)
— Standing accretion shock instability (SASI) causes late expl.

There are some successful examples, but not conclusive yet. I
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Marek, Janka, 2008
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Numerical Simulation of Supernova Explosion

sMore recent example
Soft EOS + 2D + rotation 1D 2D

leads Stronger eXplOSlOn 4 Entrepy [kEUbaryen] Patio sFtimaz=als Entrapy [Hvbaryon] Ratio of limasaaks

(~10% erg ~ 10 % of observed E.)
Y.Suwa, K. Kotake, T. Takiwaki, S.C.
Whitehouse, M. Liebendoerfer, K.Sato,
Publ. Astron.Soc.Jap. 62 (2010) L49.
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Dynamical Black Hole Formation

T , Supernova v

Fe core Collapse o v v-trapping / Explosion
Pc“"lnm g‘(cmﬂ pc~331i]“ g."{:m?' Pg“']—nu gfcm3 - . / pc-'-rﬁxl[}l-i gjcm_!
T~1 MeV T.~10 MeV T ~2 MeV / * T ~10 MeV

/ Y ~0.46 Y.~0.3 / / A
%

e-c — | i —

T000 krm

) \ Bl T~ 0 90) Mev
A7 DENFRIFEDOR. BHERENEISET  Ye~(0.1-03)
LVKRERT B)E...

= e Collapse
— ISV 4—&OB:)llI:ISlEe o M@ '
M > (20-25) M : S.J.Smartt, J.J. Eldridge, R.M.Crockett, ;-] N\ !

J.R.Maund, MNRAS 395('09), 1409; K. Nomoto,
N.Tominaga, H. Umeda, C.Kobayashi, K.Maeda,

ﬁ\l _ . Re-Collapse
NPA777('06)42.

10° T

radius [km

av radiation hydro. 2alb—33>
— t ~ 1 sec. Thorizon Rk L
— %Ei&:v ﬂﬁ(lj\ time [sec)

Sumiyoshi, Yamada, Suzuki, Chiba, PRL 97('06) 091101.
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Black Hole Formation (Failed Supernova)

s“Hot” and “Dense” matter in BH formation process !

~90 MeV (Nucleon), 70 MeV (w/ Hyperon)

aT
max

I“'imeaXN‘I' pO

av spectrum is sensitive to dense matter EOS
(stiffness, hyperon, quark, ...)
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Sumiyoshi, Ishizuka, AO, Yamada, Suzuki, 2009
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Black Hole Formation (Failed Supernova)
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Nakazato, Furusawa, Sumiyoshi, AO,
Yamada, Suzuki, ApJ, to appear
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PRD77 (2008) 103006
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Sumiyoshi, PLB 704 ('11),284
[arXiv:1102.3753]
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Short Summary of Compact Astrophysical Phenomena

aNeutron Stars

ap, (center) ~1650 MeV (TM1, M _ . =2.17 M)
— Much larger than A mass and hyperons are expected to admix.

aChallenge: How to find the mechanism to suppress hyperons
OR stiffen to support 1.97 M, with hyperons (very stiff quark matter ?)

sSupernovae

aSome 2D v radiation hydrodynamics results show explosions.
(Explosion energy is too small / soft (K ~ 180 MeV) EOS is used.)

aNo consensus on the explosion mechanism.
sBlack hole formation

aHot and dense nuclear matter is formed.

VP In all of these phenomena, nuclear matter EOS from low

to high density is necessary !

1TYITP 479 o : : ;
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Nuclear Matter EOS
for Compact Astrophysical Phenomena
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T/INORTBEBERICHNBIEYE K EESFE

SEMERBHEAE =vBETIYAN-RAERS

BEREIRYT—IL ~ 100 msec =v LLSH I ER - L1
HRBHEX: &F. BF. £F. RF&. NMR0OV 1, K, I+—7, ...
oH1E A FE X (Boltzmann) : v-A FrHETR. e-HER

dREFER > AREENR. ELVHE- YpiuE. 25

oE—REEHE (LQCD, GFMC, Variational, DBHF, G-matrix)
— AR DSRAICIIRRAIE NG ENBE

aLattimer-Swesty (LS) EOS (J. M. Lattimer, F.D. Swesty, NPA535('91)331)
—HYME > AFILLAEEERFEEOLUDN)TOHOI NG
TFE—HMR — T RS

aRelativistic EOS (Shen EOS)
(H. Shen, H. Toki, K. Oyamatsu, K. Sumiyoshi, NPA637(1008)435)

+—F®WME —  Relativistic Mean Field (RMF, TM1)




T/INORTEBRICTH NS Y E K RESFEL

SEMERBHEAE =vBETIYAN-RAERS

BEREIRYT—IL ~ 100 msec =v LLSH I ER - L1
JREHEX: &F. BF. XF. RFE&. NMROV. n, K, I+, ...
ofE A2 (Boltzmann) : v-A BTEFE. e-fHESE

dREFER > AREENR. ELVHE- YpiuE. 25
a%—lﬁiﬂﬁ'l'ﬁ (LQCD, GFMC, Variational, D}?HF, G-matrix)

- o L o] Ll o - -

- mmym A . U -
L urr_,Lu "md (L-5);; - The UIX model of Fy; contamns
two 5’[;5’[1-:: terms; the two-pion exchange Fujita-Mivazawa in-

teraction. ;. and a phenc:meun::lngiml intermediate range
repulsion ;. The strength of the F ik mteraction was de-

termined by reproducing the binding energy of the triton via
Green's-function Monte Carlo (GFMC) calculations [20].

while that of I*'Ri- .. was adjusted to reproduce the saturation




Key quantities in Nuclear Matter EOS

E/A

K,,.= 9p,> d*(E,  /A)/dp,?

sym

L=3p, d(E/A)/dp,,




by Murakami

NOtations for symmetry energy

E(p.6)=E(p.0)+E,, (p)S" +0(5*)

| E(p.0) =E(pﬂfﬂ)+%£‘g +o(&g)
Kmﬂ 2 3
E@m(p):Ew(ﬂu)+L£+T£ +o0(£7)
2
K, =922 E(;;.ﬂ)\
cp

O=(pPy—Pp) P
E=(P—Po) /3P,

OE,,..(P)|

‘F‘=F'n

=

il

L=3p,

=3/ PR,
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DBHF and Dirac Phenomenology

sDirac Bruckner-Hartree-Fock ’ Nidear Mtter
R. Brockmann, R. Machleidt, PRC42('90),1965 | elatviste

aNon Rel. Brueckner calculations do not
reproduce saturation point (Coester Line).

SN MeV )

aRelativity gives additional repulsion, " |
— Saturation point ! 20 b

sDirac phenomenology 25 | , ST

E.D. Cooper, S. Hama, B.C. Clark, R.L. Mercer, 08 2 16

ke ( fm™)

PRC47('93),297

aScalar + Vector pA potent o
(-400 MeV + 350 MeV) oo b
— Cross Section, :

&Spin Observables

U (MeV)

~200 |

—400F

EDI - Iﬂ'ﬂl I
Oc.m (deg)
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cw Model

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

aConsider only ¢ and ® mesons

sLagrangian
L=y(iy"d, — M+ gs0 — gyy o, )P .
1 18 1 2 2 1 [JAY) 1 2 L ;
+26u06 0 — 5 mso _ZF F + o My __O
(F w = 0ywy — aku)

sEquation of Motion

oxH [a(au@z)] a(Pl
aEuler-Lagrange Equation

0:[0, 0" + mZ|o = g,y

w:d,F* + miw’ = g,Py'y - [aua“ + m,%]oo” = gyUy'V

U [Yulgiau - gvVuIXI - (M — gsc)]q—’ =0

1TYITP 479 o : : ;
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sEuler-Lagrange Eq.

0, F™ + miw” = gvt_lwvtb
aDivergence of LHS and RHS
9, 0uF™ +m2(8,0") = m3(3,0") = gy (B,uv"W) = 0

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

sPut it in the Euler-Lagrange Eq.

0,FW =9,(0"w’ — 0"w") =9, 0*w’ —3V(d,0") = 9, 0"w"

- Qs
- . Y TP _o
=
- 'YUKAWA INSTITUTE FOR
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Serot, Walecka, Adv.Nucl.Phys.16 (1986),1

aUniform Nuclear Matter

PF d3p 1 1
E/V =vyy on )ZE*+ —mZco? Em,z,oo2+gvp3u)
Pfp d3 M* (
_ 9 _ Y P M*=M+U=M—96,E*:\/P2+M*2)
W = ‘gv p y &fpl: d3p 20 I T T T T T T T T T T T | :ﬁlr
m% B — IN m% (21.[)3 : IIl

—
=

T | T
S,
|

NEUTRON s I.' ;

L:TJ MATTER /
Yx = Nucleon degeneracy =] - /i
(=4 in sym. nuclear matter) ~ o~ R T Ry
m \T\\
Problem: EOS is too stiff T NUCTEAR \\ §
K~ (500-600) MeV ! : R
— How can we solve ? B e IS ——

-m ‘?Qs
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aPros (merit)

aFoundation is clear: based on the success of Dirac phen. and DBHF.
aSimple description of scalar and vector potential in 6 and ® mesons.
aSaturation is well described in two parameters.

aNatural explanation of large LS potential in nuclei.

aCons (shortcomings)

aRelation with the bare NN interaction is not clear.

aEspecially, pion effects are not included.

aSymmetry energy is too small.

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

aChiral symmetry is not respected.

- Qs
- . Y T P _o
=
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High Quality RMF models

sVariety of the RMF models
—> MB couplings, meson masses, meson self-energies . 3
| o/

acN, N, pN couplings are well determined R
— almost no model deps. in Sym. N.M. at low p .—':.
a®* term is introduced to simulate
DBHF results of vector pot.
TM: Y. Sugahara, H. Toki, NPA579('94)557;
R. Brockmann, H. Toki, PRL68('92)3408. 60 SCL3 ' ' 7

. SCL2 i 5 e
ac> and o terms are introduced _ 40 | ML A
to soften EOS at p,. > NL3 — - -
J. Boguta, A.R.Bodmer NPA292('77)413, = 20 | Rng - i
NLI1:P.-G.Reinhardt, M. Rufa, J.Maruhn, < '_,.fl;”G.r,f’“ e
W.Greiner, J.Friedrich, ZPA323('86)13. = 0 / ;"’ ¥al
NL3: G.A.Lalazissis, J.Konig, P.Ring, %ﬁaﬂ w N_7Z
PRC55("97)540. 2 R e ET :

0 01 02 03 . 0.4 05 0.6
at high p Pp (M )
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
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s—  Large differences are found




How to determine higher order terms ?

sNucleon-meson coupling can be well determined from data !

sHigher order terms are not well
determined, and give EOS
uncertainties at high density !

sWe need some guiding principle
to obtain hadronic Lagrangian
including higher order (higher
mass dimensional) coupling.
c.f. Naive dim. analysis,
Chiral effecitve field,
Quark Meson Coupling

e 0.2

-

0.3

0.1 |

| Neutron star .mq_t.tleur_ - NL1 ------
i NL3
/,z"’ TM1
; SCL
# 1 TM1-5M
,,:-‘; ]C]"I[S‘r’
L L E/B
.i"::'-:-:d:.-l-
vy
4 =
/

0 02 04_06 0

PR lfm'ﬂ}

0.2 0.430.6 0.8

pg (fm ™)

(Miyatsu, Saitﬂﬁ.E d&; RMF parameters. In SCL, g3 and g4 are from the expansion of fscL.

Qo N gun  gon ga(MeV) g4 cw Ma(MeV) mu(MeV) ma(MeV)
NL1[26] | 10.138 13285 4976 2401.9 -36.265 0 492.25  795.359 763
NL3[27] | 10.217 12868 4.474 2058.35 -28.885 0 508.194 782.501 7163
TM1[258]|10.0289 12.6139 4.6322 1426466 06183 71.3075 511.198 783 770
SCL[29] | 10.08 13.02 440 125588 13.504 200 502.63 783 770
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&R E DRET

oFE LRI F

JBMBBZLF. n. K. NARAY, VF—D. VF—DH. ....
sIEEMEEK): REOTULVELY

aGMR (RFEDEMBIERE) — K=210 * 30 MeV GEMAX SR T1515)

HBAT VR EG0EREXRFENKIEKFHEZIRT
(Sahu, Cassing, Mosel, AO, 2000; Danielewicz et al., 2002; Isse et al., 2005)

s IRILF—DBEERFE: 2UDD2H5.

ARERZFEFEDFERAE THERIBE (Oyamatsu, Iida, 2007)
oEERMSDHIR (Murakami, 2011)

SHPERDONFAY - RTUvIL ATV

2NAARAY U, (p) =-30 MeV, U p,) =+(15-90) MeV, U_( p,) ~-15 MeV

apionic atom — U _(2p,,, Yp~0.2) >+ 50 MeV
(AO, Jido, Sekihara, Tshubakihara)
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Murakami

1.0
Density p/p,

Our consensus is S,=31-34 MeV and L=50-110 MeV

Now preparing a summary article on outcomes of NuSYM11.
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ll*ﬁ??l_:ﬁ'f/:/"(')l/ Uy(r) = goy0 + Gy w + gpyR

K E P TIE 6, 0, R =pPEFHFFE)L. HAONTILVS
—  NRAV-PEFEESERICKY/NIRAV - RTFUOwILARE
B
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2 Potential in Nuclear Matter

d’c
dExdQy I

< Si(n" K*) {
= 1.5 f p=1.20(GeV/e), 6 (deg.) 4 _ { |
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= 4
= 05 & ’
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. J—
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»
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- . - ?Qs
o YITP & Ohnishi @ TUS seminar,

Macekawa, Tsubakihara, AO, EPJA 33(2007),269.
Harada, Hirabayashi, NPA744('04),323.
Kohno, Fujiwara, Kawai, et al. PTP112('04)895
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Uipy) ~+ 15 MeV—i 10 MeV
with Woods-Saxon potential,
no Atomic shift fit
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2 feels repulsive potential in nuclei

ec.9, , Tokyo Univ. of Science, Noda, Japan


プレゼンターのノート
プレゼンテーションのノート
We have found that we can explain the spectrum shape and absolute values

with the Σ potential
of +15 MeV (repulsive) in nuclear matter



Relativistic EOS of Supernova Matter with Hyperons

sExtention of the Relativistic (Shen) EOS to SU](3)

with updated Hyperon Potentials in Nuclear Matter
(Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201)

aRelativistic (Shen) EOS (Shen, Toki, Oyamatsu, Sumiyoshi, PTP 100('98), 1013)
Rel. Mean Field (RMF) + Local Density Approx.(Nuclear Formation)

aSU 1(3) Extention of RMF (Schaffner. Michustin. PRCS3 (1996). 14]6)

|
F = -'ﬂ"ms[ﬂl O, Wy, H ':. '¢’u;'_ G[Gf—lf{ulm 'r-!-'lu"_

- E‘-FH (H’Gﬂﬁ + BuRth + Hpﬂﬁ'f.ﬂ T H;H; — JEI:-HHI'r'u'[P_LL) Vi
B

Coupling ~ Quark Number Counting

- 8_y1s tuned to fit Hyperon Potential in Nuclear Matter
=—30MeV, U,=+30 MeV, U=— 15 MeV
Nuclear Formation is mcluded using Shen EOS table

Lr Y Tp P9 o : : :
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プレゼンターのノート
プレゼンテーションのノート
We would like to extend the Relativistic EOS by Shen et al. to flavour SU(3).

Shen EOS is constructed based on the Relativistic mean field,  and for non-uniform nuclear formation,  Local Density Approximation is invoked.

For the RMF part, Schaffner and Mishustin extended TM1 to flavor SU(3), where the coupling constants are given from a naïve quark number counting rule.

We have modified the coupling to σ meson, which is the main source of attraction, to fit the hyperon potentials as described before.


Hyperon Composition in Dense Matter

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

sHyperon composition in NS is
sensitive to Hyperon potential.

aU, ~ -30 MeV: Well-known

alU;, U_ ~-30 MeV (Old conjecture)
— X.- appears prior to A

alU; > 0 (repulsive) — No X in NS
Y atom (phen. fit), QF prod.

S. Balberg, A. Gal, NPA625("'97)435;
H. Noumi et al., PRL89('02)072301;

T. Harada, Y. Hirabayashi, NPA759('05)143;

M. Kohno et al. PRC74('06)064613.

oU_ ~-(12-15) MeV
(K-, K") reaction, twin hypernuclei

P. Khaustov et al. (E885),PRC61('00)054603;

S. Aoki et al., PLB355('95)45.

Xj(particle fraction)

012345!67'8910
P.Sahu, AO,NP1691('01)439c¢

—\.\n\\ GMH
e ey =
i = T —mm e o
1[]1 L -\...I"I‘ .-';" T
-
2
O
E o2 L/ U, =+30 MeV
E_ HE U_=-18 MeV
= - g
& | /
107 I | /
i : i 1
| ! [
4 ] ' '! , [
'ID 1 1 i 1 i . i il |
0.0 0.3 0.6 0.9 & 1.2 1.5
Density (fm )

J. Scha[fner—Btlich, NPAS804('08)309.
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Neutron Star

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamadal. mﬂ%hys G35(08),085201
sHyperon Effect is DRASTIC |

aMmax=2.1 Msun — 1.56 Msun

Sllen [Neu}

#Composition Y, ~Y_ 1 Shen

alLarge fraction of =

1 Schaffner
1 -Mishustin

sThermal (free) pions can admix
atp>1.35p,

0.1 1 (fm™)
2.5 - .
~ 2| New
=
2 15| -
= 1 " Shen %9”) -
72 ey — -
Z 0-5 i NYTCE!J, ...... ———
0 NY(Att.)ep —— .
14 15 16 T (N B
0 30 10 0 02040608 1 1.214
Central Density (g/cc) op (™)

N ?
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プレゼンターのノート
プレゼンテーションのノート
First, we apply this new EOS table to neutron stars. As expected, hyperons have a lot of effects
such as the reduction of maximum mass of neutron stars, drastic change of particle composition.



- Finite Temperature and Supernova

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201
sExample: T=10 MeV, Ye =04 sPrompt explosion
(without v transport)

— Almost no change
(Expl. E. increase ~ (0.1-0.5 %))

@A starts to increase atp~2p,,
becomes significant at p ~3p,, .
T=10 MeV, Y =0.4

10" b 15 h"'lsmrlar
102 | E 10
210 ‘:a' 9|
107 | g‘; 8
10 o 7T
10 === -— . % 6 |
10 | I p--- £ 5L . . . .
2 0 : 4 AT 02 04 06 08 1
106 | f;’ P ':z”-é‘-’ — Time (sec)
108 -7 " NYned o WW9I5 + 1 Dim. Hydro.(Sumiyoshi, Yamada)
0 }2‘:}1 0.6 08 1 12 1.4
2 py (fm™) Low density and High Ye
Po 3p, suppresses Hyperons in the Early Stage
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プレゼンターのノート
プレゼンテーションのノート
Now we apply to finite temperature matter
with moderate electron fraction.

For example, at 10 MeV temperature and Ye of 0.4, Λ start to appear around 2 ρ0, but becomes important only at around  3ρ0.

Since the density does not becomes very high
in the early stage of supernova explosion, unfortunately, the effect of hyperons is only perturbative.


- Where do we see Hyperons ?

sHyperon Fraction is sensitive to Ye, T, and p.

aYv ~ 0 (Neutron Star) — p,>2p,
aYe ~ 0.4 (Supernova, early stage) — T > 40 MeV or p, >3 p,

Hyperons would be important in Late Stage(Nstar cooling),
BH formation, and Heavy-Ion Collisions

NYe, Y =0.4

100

T (MeV)

0.5

02 03 Y
Prompt Expl. (15 Msun)

Pp ( fm™)

1TYITP 479 o : : ;
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プレゼンターのノート
プレゼンテーションのノート
Then when and where hyperons appear.

I show the ρ-T diagram, and we find that in supernova matter, 40 MeV temperature or 3 ρ0.

Thus hyperons would be important in later stage of supernova explosion, black hole formation, and hight energy heavy-ion collisions.


Black Hole Formation (Failed Supernova)

sCan we obtain information on X repulsion strength from astrophysics ?

av duration time during
black hole formation is more
sensitive to the X potential

10116 I
depth in nuclear matter ! | ! :
Nakazato, Furusawa, Sumiyoshi, AQO, 1018 | Y I o
Yamada, Suzuki, ApJ, to appear ' | r______.....--rr’i """""""

'_[.]IIE-

uuuuuuuuuuuuuuuu .
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RMF is a phenomenological MODEL !

sBaryon one-loop approximation (Hartree approximation) makes RMF a
phenomenological model.
— We need DATA and AB INITIO results.

a$dturation point ( p, and E/A(p,)) from mass formula

alfliclear binding energies

ul% and U_from DBHF results

ulgp ) Jrom heavy-ion data

ﬂ[p separation energy from single A hypernuclear data

ung bond energy from double A hypernuclear data

ﬂ%atomic shift

a2 and = potential depth from quasi-free production data

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

aNeutron Star Max. Mass ~ 1-‘| The Judgement Day, Oct. 28, 2010. I
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Can hyperon survive in 1.97 M _
neutron star ?

=
- . Y T P l‘?Qs
=
L 'YUKAWA INSTITUTE FOR >
- THEORETICAL PHYSICS YITP Kyoto 30
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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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Which type of EOSs are rejected ?

sRejected Hyperonic Matter EOS

aRelativistic Mean Field model 8+1
GM3: Glendenning & Moszkowski (1991)(npY) o _o
GS1: Glendenning & Schaffner-Bielich (1999)(npK)

aCoupling ~ Quark Counting (g_./g . ~ 2/3)

8 8
aEven with rel. effects, we cannot support 1.97M
as | 01 . ) & PTC Aata
25 10°
F =30 MeV e
~ 2U_=-15 MeV S 5
7 = P = 10
=15 ¢ = ' -
2 =
< - : SCL3
2 1 ML ---. £ 10 SCL2
UZ’J 7 r TMI1 --veeeeeer
0.5 EOSY(SM) — < o NLI
EOSY — £ ol 9 NL3
0 . EOSYm e 10" ¢ 7/ Danielewicz et al. ]
10" 10" 10" 0.1 02 03 04 05 06 0.7 038
Central Density (g/cc) pp (fm’ ]

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

(Dirac) effective mass at saturation density.

3 4 ——
in’ p, Y, G, 0), p / o 2 Y Xo m™* fm =07 - m™ =078
Gi _ / d fi _ / to fit A 0.2 0.131 0.091
FLIVE X =8sy/ 8on ANA TIX X ;78 v/ 8N 1O 1 y 0392 073
separation energy. Y 0653 0568
0.7 0.783 0.200
0.8 0.913 0.942

ax = 0.6 > m*/m=0.7, x_=0.653 09 104 08
(similar to quark number counting result,
x=2/3)

—~ \1 - 1T AN
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2 s =
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5 ! 1 @ 013
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{(0.78, 3001 7 = O ]
- . - 5
@ S : s 4] _E
EE 5] 2 : . 5 0.0
| n+p+H, g,=0 . E
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] S !
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03 04 05 06 07 08B 08 1 . J,f 3 ¢ (km)
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oI

N.K.Glendenning, S.A.Moszkowski, PRL67('91)2414

=
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How can we solve it ?

sNo Hyperons, No Kaons
— How can it be consistent with YN interaction ?

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

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

I I | I I I | I I I | I I I | I I I | I ] 0.08 |
20 — ﬂ;‘;!;g’; — Proton v, for AGS to SPS Energies
I —hyp+quark B=100 | 0.06 |
I —hyp+quark B=B(ps)]
I il 0.04 -
= C \ E 0.02 |
g | | s
. = i
o~
— M Il -
=107 axwe . -0.02 -
i il -0.04 |
0.5 - =
- - -0.06 |
i A e T S —— §
_ Bulk Gibbs _ -0.08
D D 1 | 1 1 1 | 1 1 | | | | | | | | | | |
' 8 10 12 14 16 Einc (AGeV)
R [km] M.Isse, AO, N.Otuka, P. K.Sahu,

H.-J. Schulze, NFQCD10 Y.Nara, PRC72 ('05)064908
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SU3), “violating” coupling

sNaive RMF assumption = BM coupling follows SU(3)..

sShort range BB interaction comes from 8+1

quark Pauli blocking + one-gluon exch. o _o
Oka, Yazaki; Faessler et al.; Fujiwara et al.; HAL QCD collab.

sShort-range BB repulsion is sensitive to (S,T)
in the s-channel. When we include those interactions in the § S
bosonized form, BM coupling violates SU(3); .

. 1
V= Gh)aTapibdp > =5 > maok+ ) ge 0uUTH),
o, a a

1OHM} - } } }
- 10-=9

E.g., 2 atomic shift ol — ;
> 86z~ 86z (SU3)) x (0.2-0.3) s l J 1/

1y 5-=4 7
50 1
SCLYSR) —»
SCLIWR) i
0 1 1 1 1 1 ]I:-\IJ. 1

\E.l']l

Shift eV}

Tsubakihara et al., (2010)
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Tsubakihara, AO, in prep.

i 500 ; . : :
sNucleon vector potential U (p) 2e0 | Syametiicnnclear matier HOS
. i TO11(SR) ——
— EOS becomes gradually stiffer S 300 | SCLa ——
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RMF with 3BF + SU(3) : “violation”

aTwo types of modification Tsubakihara, AO, in prep.

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

eR=¢g /g ~0.8(~2/3(SUQ3))
a— M . ~2.02 M, with hyperons (~ 1.4 M_ w/o 3BF, violation)
300 - - 2.5 .
SCL3 NS mass
SCL3A -—-—- , _—
o TO11-NP 2; 7 -
E 200  NPASUQ)) ------ 1 & R
S NPA(R = 0.8) -1 § 15¢ SN y
g R = g,A/8N o’ - g % //"’
& £ 1+ / SCL3 —
Z 100 V SCL3A -—-—-
= 05| / TO11-NP |
ST NPASUGR -2
0 =" . NS matter EOS 0 / , NPAR =0.8
0 02 04 06 08 1 0 0.5 1 .15 2
pp (fm™) pg (fm™>)

. = ?Qs
JIYITP% Ohnishi @ DCEN2011, Sep.20-Oct.28, 2011, YITP, Kyoto, Japan ~ 53
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Critical Point Sweep
during Black Hole Formation
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From Supernova Matter EOS to Phase Diagram

sSupernova matter EOS

aLattimer-Swesty EOS (Skyrme-type int. + Droplet)
J.M.Lattimer, F.D.Swesty, NPA535('91)331.

aShen EOS (Relativistic Mean Field + Thomas Fermi)
H.Shen et al., NPA637('98)435; PTP100('98)1013.

alshizuka EOS (Shen EOS + Hyperons)
C. Ishizuka, AO, K. Tsubakihara, K.Sumiyoshi, S.Yamada, JPG 35 ('08)085201.

sDoes quark matter exist in compact stars ?

aSuggested in Supernovae: Warm(~20 MeV), mildely dense (~1.8 p)
T. Hatsuda, MPLA2('87)805; I. Sagert et al., PRL102 ('09) 081101; Nishimura talk.

aProbable in Neutron Stars: Cold (T~0), Dense (p;~5 p,)
E.g. N. Glendenning, “Compact Stars”; F. Weber, Prog.Part. Nucl. Phys.54('05)193

aHow about Black hole formation ?

M. Liebendorfer et al., ApJS 150('04)263; K. Sumiyoshi et al., PRL97('06) 091101,
K.Sumiyoshi, C.Ishizuka, AO, S.Yamada, H.Suzuki, ApJL690('09),L43;
K.Nakazato et al., ApJ, to appear [arXiv:1111.2900] (Nakazato, Poster)
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Purpose and Methods

saWe compare (T, pg ) during BH formation
and QCD phase transition boundary by using

av radiation Hydrodynamics (1D) for BH formation
Sumiyoshi et al.,PRL97('06)091101;

+Shen EOS (npep) Shen et al., NPA637('98)435;PTP100('98)1013

»Grav. collapse of 40 M star with WW9S initial condition.
S.E.Woosley, T.A.Weaver, ApJS 101 ('95) 181.

aChiral Effective Models for phase boundary and Critical Point

»NJL (Nambu, Jona-Lasinio), PNJL (Polyakov loop extended NJL),

PNJL with 8 quark int., PQM (Pol. loop ext. quark meson) models

Nambu, Jona-Lasinio('61); Hatsuda, Kunihiro('94), Fukushima('04); Ratti, Thaler, Weise('06),
Roessner et al.("07); Kashiwa, Kouno, Matsuzaki, Yahiro('08), Schaefer, Pawlowski, Wambach ('07),
Skokov et al. ('10).

»Vector coupling: unknown — compare results with G /G =0, 0.2

+Flavor SU(2) models are considered.

.?Md%s Wl&%ﬂ@r W%ﬁrdksﬁgf MI;, Tokyo Univ. of Science, Noda, Japan 56
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OCD phase diagram in Asymmetric Matter

sCharacteristic features of Compact Star Matter

aHot and/or Dense

aUnbalanced n and p yields (Isospin Asymmetric Matter)

Isospin chemical potential op= (n — n, )V2=(p;—n,)2>0

8T, (critical point T) decreases at finite op

aDecrease of effective number of flavors

I t=0.5 spg e
150 | A
= ' 1.344 ——
=100 e N2
= o B
Hj:l- E[I i .H'Hh:" iy
0

K (km)
AO, Ueda, Nakano, Ruggieri, Sumiyoshi ('11)

Ny S Sy,

— T
o -|.|.'|-|_‘_."'.._‘-|..-|.,
--"‘-:_._'-- P

-—
—
T

Ty )

hhhhhh
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a0 _ _
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Ueda et al, in preparation

- . - ?Qs
- Y TP &

LT
1111111111111111 .
| o |

Ohnishi @ TUS seminar, Dec.9, 2011, Tokyo Univ. of Science, Noda, Japan 358



How is quark matter formed during BH formation ?

sHighest p; ~1300 MeV > pn_ (1000-1100 MeV in eff. models)
— Quark matter is formed before BH formation

sHighest T ~90 MeV > T, (at op~50 MeV)
Core evolves below CP, Off-center goes above CP — CP sweep

asConvenient to consider 3D phase diagram (T, pg, op)

‘@ 0ou=0,70 MeV
N, (@©=02)

100

20 | t=0.5 5™ | 3003

0 A 2ERl corc B

800 /9{]{! 1000 1100 Lg(MeV) 1200 140
g (MeV)

1.344 s = Just before BH formation
N - ?Qs
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How is quark matter formed during BH formation ?

sModel dependence to form quark matter — Three ways
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Swept Region of Phase Diagram during BH formation

sCP location 5u=50 MeV in Asym., g, /g =0.2
in Symmetric Matter 200 HIC BH: Shen EOS, 40 M, |
: Se B X FK02
aLattice QCD ~ 150 ¢ ° o Can.
1-p=(400-900) MeV E o QPNJLg
aEffecitve models = 100 | CP(Lat) = o\,
uCP=(700-1050) MeV 50 | CP(models) © \
#CP in Asymmetric Matter CP( AsSt:-.t; :
(E-g. op=50 MeV) ’ 0 3}1;0' 600 900 1200
oT, decreases at finite op. ng (MeV)
— Accessible (T, pg) region

during BH formation

M.A.Stephanov, Prog.Theor. Phys.Suppl. 153 ('04)139;
FKO02:Z. Fodor, S.D.Katz, JHEP 0203 (2002) 014

LTE:S. Ejiri et al., Prog.Theor.Phys.Suppl. 153 (2004) 118;
Can: S. Ejiri, PRD78 (2008) 074507

Stat.:A. Andronic et al., NPA 772('06)167
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What happens at CP sweep ?

sLarge density fluctuation is expected around CP.

sThree layers (hadron, mixed, quark) merges to be one at a time.

CP sweep /

| \

v

What kind of signal do we expect™~? I would like ave your idea ....

.
1Y ITP %%
[ | >
TV o [
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Summary

sCompact Astrophysical Phenomena

aPossibilities of varous state of matter, New observations, New calculations
sDense baryonic matter Equation of State from Relativistic Mean Field
aSuccessfully applied to Compact Astrophysical Phenomena.

aNeeds further studies: Higher order terms, pion contribution, Esym,
Hyperons, ....

sStandard RMF with hyperons cannot support 1.97 M_ neutron star.
aVarious data / DBHF results can be fitted in RMF.
aVector Coupling ~ SU(3),, linear BM coupling (BMB)

aRMF with 3BF + SU(3), “violation” may help to support the heavy NS.
— Can we support 1.97 M_ neutron star with hyperons ? Open problem.

sQuark matter formation and critical point sweep may take place in
neutron stars and black hole formation.

- . = ?Qs
- Y TP &
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Thank you for your attention !
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Theories/Models for Nuclear Matter EOS
sAb initio Approaches to Nuclear Matter
— LQCD, Variatonal, GFMC, BHF(G-Matrix), DBHF, ...

aLQCD-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.

s—  Not easy to handle, Not yet satisfactory for phen. purposes
sMean Field Models (~ Nuclear Density Fuctional approach)
aSkyrme Hartree-Fock(-Bogoliubov)

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

+Czlusality is violated at very high densities.
aRglativistic Mean Field

sRelafivisfic, Meson- [I-energies
= VTP % Ohnishi @ TUS seminar, Dec.9, 2011, Tokyo Univ. of Science, Noda, Japan 66



EOS in Dirac-Brueckner-Hartree-Fock

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

aNon Relativistic Brueckner Calculation

— Nuclear Saturation Point cannot be reproduced (Coester Line)
sRelativistic Approach (DBHF)
— Relativity gives additional

repulsion, leading to

successful description 0 [

of the saturation point.

= -10 |
= | |
< 15 - -
- i A
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Bruckner-Hartree-Fock

aSelf-consistent treatment of
Effective interaction (G-matrix) in the Bruckner Theory

and

aNeed 3-body force to reproduce

saturation point.

—

FY type 2 m exchange

+ phen. or Z-diagram

B/A (MeV)

1111111111111111 .
| o |
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Bruckner-Hartree-Fock theory with Hyperons

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

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

aNS collapses with hyperons w/o 3BF.

20
251 ——BOB | | Mg
= — —-V18
' N - NG3 |
20} N ———ux |
L e 2 _ 15
= 15| N0 i |
= ! "*l-".:-_i\-*'
1_u_- "‘-ﬂ ‘ ,ff |
05+ \ A s i 1.0+ Y—Mixed region
B \M"{% B A — Super
ot 4 - 1 . = _||zﬁ'-||||I|||||
8 10 12 14 1600 04 n.a_a 12 16 0 45 10 ppe 15
R (km) p_(fm~) P, (Y)
H.J.Schulze, A.Polls, A.Ramos, 1.Vidana, S. Nishizaki, T. Takatsuka,
PRC73('06),058801. Y. Yamamoto, PTP108('02)703.
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OCD Phase Diagram
RHIC/LHC/Early Universe
T 0@9}'0

oo O Nu¢ % Nuclear 'uB
o Gas Q Matter

-
.. ?QS
N A <4
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プレゼンターのノート
プレゼンテーションのノート
QCD phase diagram has a rich structure.
Hadron phase, QGP, Colorsuperconductor, and the quarkyonic matter, i.e. confined high density phase may exist.
And these phases can be probed in heavy-ion collisions and compact stars.


Neutron Star Composition

Hyperons, mesons, quarks

Asym. nuclear matter+elec.+p

Nuclei+neutron gas+elec.

Nuclei + elec.

High Density \ / EOS

Neutron
Mass Matter
obsv.
Mass&Radius
Sym.
R o

k MR curve / \ Sym. E. /
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Hyperons in Dense Matter

sHyperons are HOT now !
aWhat makes NS matter core ? Nucleons ? Quarks ? Hyperons ?

aHow 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

A
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1.97 £ 0.04 M Neutron Star
EVPHEFEQEOXBEE) DA

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).
PSR J1614-2230 (NS-WD binary), 1.97 = 0.04 Msun

o— IR B MRICE D<K DB (Shapiro delay) (CKAEEIRTE
(R KBE)

WEELTNEE DR E
o=LWVRAIEER

30k
_4%_0 OI‘I
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From Supernova Matter EOS to Phase Diagram

sSupernova matter EOS

aLattimer-Swesty EOS (Skyrme-type int. + Droplet)
J.M.Lattimer, F.D.Swesty, NPA535('91)331.

aShen EOS (Relativistic Mean Field + Thomas Fermi)
H.Shen et al., NPA637('98)435; PTP100('98)1013.

alshizuka EOS (Shen EOS + Hyperons)
C. Ishizuka, AO, K. Tsubakihara, K.Sumiyoshi, S.Yamada, JPG 35 ('08)085201.

sDoes quark matter exist in compact stars ?

aSuggested in Supernovae: Warm(~20 MeV), mildely dense (~1.8 p)
T. Hatsuda, MPLA2('87)805; I. Sagert et al., PRL102 ('09) 081101; Nishimura talk.

aProbable in Neutron Stars: Cold (T~0), Dense (p;~5 p,)
E.g. N. Glendenning, “Compact Stars”; F. Weber, Prog.Part. Nucl. Phys.54('05)193

aHow about Black hole formation ?

M. Liebendorfer et al., ApJS 150('04)263; K. Sumiyoshi et al., PRL97('06) 091101,
K.Sumiyoshi, C.Ishizuka, AO, S.Yamada, H.Suzuki, ApJL690('09),L43;
K.Nakazato et al., ApJ, to appear [arXiv:1111.2900] (Nakazato, Poster)

- - ?QS
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Chiral Symmetry

sFundamental symmetry of massless QCD,

and its spontaneous breaking generates hadron

masses.

Nambu, Jona-Lasinio ('61)

e (MeV/fm3) i

sMany of the linear 6 models are unstable against

finite density (chiral collapse). TTLTTTTTTTT T T T T ]
. . 400 || | & IR)/11] LT
— Log type chiral potential 353 svsndd, # Il
Sahu, Tsubakihara, AO('10), Tsubakihara, AO('07) {jﬂm // ettt o
. . . 0 éiﬁgééﬁiiﬂvhvméﬁ-ﬁ—
aNon-linear representation (chiral pert.) _— :_._& =00 ),
leads to density dependent coupling 200 ¢ | o
from pion loops. o e oo [T ¢s |
Kaiser, Fritsch, Weise ('02), 400 — chiral mexchange ;’f'_,-" ] ‘0 m Stable| gy |
Finelli, Kaiser, Vretener o0of =~ cased S B A T
Weise ('04) 3 20 . do |
g o WL L g pbe g o212
. . 07 075 _08 085 09
R F R Y a— Y My /My (pg)

p (fm”)
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Dynamical Black Hole Formation

aCollapse — Bounce — Accretion f o Sperovav
Fe core Collapse i e f v-trapping . .-‘t /‘ Explosion
p~10' g/em® p~3x10" g/em? p~10'? g/em? / e / p.~6x10" glem?
Te~1 MeV T ~10 MeV T~2 MeV . T~10 MeV
sl Y,~03 / N
L1 -F'J
¥ -.,r" "’"""‘.’
T-0 MeV
1000 kmn Shockwave \ ‘jﬂ . —
s— Hot, Dense, Asymmetric Matter T~70MeV, Ye~(0.1-0.3)

T ~70 MeV, p, ~ 1300 MeV, dp=p /2 ~ 130 MeV

s—  CP may be reachable
BH (t=0.5, 1.0, 1.344 s)

1400

i;’g t=0.5 i&; S 1300 N =0.5 sleln; _____ | 13T(MeV) t /X
| L3 [Z100 1\ 1.344 10 100
Sl / tf}"’m ER N BUARY 1 £ 50 0
; ny __;.r”;,»a' ‘-Li'-hh | 21000 | . ._H_x_"-l'x‘ | 2 5 ..'.' 20

20 | T \\ ] o0t N— 0 10

0 — 800 — : 80
0 5 10 15 20 0 5 10 15 800 1000 12}]00 Su(MeV)
R (k) R (fm) ug(MeV) 1200 140

K. Sumiyoshi, et al.,("06); K.Sumiyoshi, C.Ishizuka, AO, S.Yamada, H.Suzuki ("09)
AO, H .Ueda, T.Z.Nakano, M. Ruggieri, K. Sumiyoshi, PLB in press.
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RMF is a phenomenological MODEL !

sBaryon one-loop approximation (Hartree approximation) makes RMF a

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

aSaturation point ( p, and E/A(p,)) from mass formula
aNuclear binding energies

aU_and U, from DBHF results

aP(py) from heavy-ion data

aA separation energy from single A hypernuclear data
aAA bond energy from double A hypernuclear data

a2 atomic shift

a2 and = potential depth from quasi-free production data

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

LE Y-TP *‘?Qs# ° ° ° ° . 77
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RMF models

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

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

a®? term is introduced to simulate DBHF results of vector pot.
TM1&2: Y. Sugahara, H. Toki, NPA579('94)557;

R. Brockmann, H. Toki, PRL68('92)3408. 0 oz ——— 7 7

; ) . SCL2 R
@0’ and ¢” terms are introduced _ 40 T LI y
to soften EOS at p,.. % NL3 — -
J. Boguta, A.R.Bodmer NPA292('77)413, E 20 | FP E i S
NL1:P.-G.Reinhardt, M.Rufa, J.Maruhn, < RBHF - G A
W.Greiner, J.Friedrich, ZPA323('86)13. = R
NL3: G.A.Lalazissis, J.Konig, P.Ring, 0 %ﬁiﬂ w
PRC55("97)540. %ﬁ%,%g N=Z

: 20 _
a—  Large differences are found 0 01 02 03 04 05 06
at high p . (fm™)

K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
- - ?Qs
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Vector potential in RMF

aVector potential from ® dominates

at high density !

9
Uv(pB) = JupWw~
m

aDirac-Bruckner-Hartree-Fock shows

suppessed vector potential at high p_.
R. Brockmann, R. Machleidt, PRC42('90)1965.

aCollective flow in heavy-ion collisions

suggests pressure at high p_..
P. Danielewicz, R. Lacey, W. G. Lynch,

Science298('02)1592.

aSelf-interaction of ® ~ cw((,)u(,)u)z
— DBHEF results & Heavy-ion data

Scalar, Vector Potential (MeV)

1500

th
=
=

|
th
=
=

Pressure (_\’le\"';’fm"‘}

0.1

1000

SCL3

SCL2

TM1

NL1

NL3
RBHF

. NL3
IDamglequ et all.

PR (fm";)

:}I.z 03 04 05 0.6 {lI.T ﬁ.s
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
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RMF with Hyperons (Single A hypernuclei)

sRMF for A hypernuclei

dx ~ 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.

SU3) 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. Matsumiva, AO, PRC81('10)065206.

30
aSep. E. of A is well fitted -
by U, ~-30 MeV ~2/3 Uy 20
aCoupling with mesons T 15

X\~ 8ma/Emn -~
quark counting: x_ ~2/3 5
nt exchanges: x. ~1/3 0t
— Which is true ? 5

. A+
A 5.1 from

AL

SCL3 ——
EIP' —_—

0

0.05

0.1

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

A

0.15

-2/3
core

0.2

0.25

0.3

uuuuuuuuuuuuuuuu .
| o |

Ohnishi @ TUS seminar, Dec.9, 2011, Tokyo Univ. of Science, Noda, Japan 81



RMF with Hyperons (Double A hypernuclei)

sNagara event AB, .~ 1.0 MeV (weakly attractive)

aITM & 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 SUQ3) RMF
K. Tsubakihara, H. Maekawa, H. Matsumiya,
AO, PRC81('10)065206. 75 -
SU(3)f for vector coupling 2L~ e am
x,=0.64, R =0.504 65 | A HEVS A5 T
Det. (KMT) int. mixes ¢ and ¢ _ 6}
M. Kobayashi, T. Maskawa, 8 55 | ~g
PTP44('70)1422; < e
G. ’t Hooft, PRD14('76)3432. | AB,, fit
- x,=0.335, R =0.509 B Sy
4

22 24 26 28 3 3.2 3.4 3.6 3.8 4
BaA
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Hyperon Composition in Dense Matter

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

sHyperon composition in NS is

sensitive to Hyperon potential. 5
aU, ~-30 MeV: Well-known S
oU_ ~-(12-15) MeV %
(K",K*) reaction, twin hypernuclei s st e v s o0
P. Khaustov et al. (E885),PRC61('00)054603; PK.Sahu, AO, Nﬁﬁfg@ 1('01)439¢
S. Aoki et al., PLB355('95)45. 10 : '
G

. —\\E‘_‘:a_ w
aU;~-30 MeV (Old conjecture) W b e e =
— X~ appears prior to A ] | S

& 5 Ul_=+30 MaV
: : s 10 ‘

aU; > 0 (repulsive) — No X in NS S | | , Uz=i6 MV
Y atom (phen. fit), QF prod. g i | /
S. Balberg, A. Gal, NPA625('97)435; | -;
H. Noumi et al., PRL89('02)072301; pes N A N A Y
T. Harada, Y. Hirabayashi, NPA759('05)143; - e EE . [E;i'?l ; b TR

M. Kohno et al. PRC74('06)064613.

os J. Schaffner-Blelich, NPA804('08)309.
— | ? —
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Hyperon Composition in Dense Matter

aComparison of Hyperon Composition

aU;=-30 MeV, U_ =-28 MeV — SU(3) sym. matter at p, ~10 p,

Schaffner, Mishustin ('94)

aU;=1+30 MeV, U_ = -15 MeV— X baryons are strongly suppressed.
C.Ishizuka, AO, K. Tsubakihara, K.Sumiyoshi, S.Yamada, JPG35('08)085201.

Neutron Star Matter

4
— Does X play no role

in NS ?
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2" atom data

LT

a2 atom data suggested repulsion in the =3
interior of nuclei ! ] >
C.J.Batty, E. Friedman, A.Gal, PLB335('94)273
Batty's DD potential is very repulsive e T/ |
s0 | I =
10

1109

Atomic ShiftieV)

inside nuclei.
— No X baryon in dense matter.

i 8 10 12 14 1o 18 TO 75 B0 85

100 —_— £
ED 1iWuy F Ed 1= E
; f f
o 60 _ I ]
< Z 0| _
40 = ]
o =
’h‘%- 20 = SR —e— |
N e 1 '-.1. R : —
- 0 t > Exp.
_20 — — - _: 1 i 1 i " . . . .
55 60 65 70 75 80 B5 8.0 10 12 14 16 70 75 S0 85
r (fm) 7
J.Mares, E.Friedman, A.Gal, B.K.Jennings, K. Tsubakihara, H. Maekawa, AO,
NPA594('95)311. EPJA33('07)295.
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2" atom in RMF

sRMF fit of Si and Pb X~ atom P38 T A e
"opt °F L In Si Ill;:::;::m —
(1 /g oN 2/3(M), 0.434(T) _ 7
J. Mares, E. #rtedman, A.Gal, B.K.Jennings, z *F
-
NPA594('95)311; Tsubakihara et al.('10) = "
:.'-I:F P j"—_ et —
eMuch smaller g . than naive SUQ3) (g ;- ;:
g N =2), which has been applied in some ' e
. -3 1 1 1 1 1 1 !
of previous works. T
S I A A S A TV ofCinPb ™ Re pareil) ——
NI_ Im. part{SR) - - -
20 +

r} (MeV)
o O
I
M
S
u
Vo MeV)

p -
W B_10 - e 1 ’
R ’ Sl 5
—20 1 H\ P 4 ’ b 7 20 F T :
_BD =L 1 T — T ~ 1 1 I 1 1 30
g 1 2 3 4 5 & 7 8 9 10 0 2 4 6 8 10
r(fm) ri fm)

N ?
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2 atom and Neutron Star

a2 may not feel very repulsive potential
in neutron star....

ap’-type fit — very repulsive

Re Ug(r) (MeV)

aRMF fit — small isovector potential

s—  QF prod. may support the latter.

2" would appear in NS.  (fm)
I. Harada, Y. Hirabayashi,
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K. Tsubakihara, H. Maekawa, H. Matsumiya, AQ, PRC81('10)065206.
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Neutron Star Mass

sLarge fraction of hyperons s *ff"'f".
softenes EOS at p, > (0.3-0.4) fm™ e
- 2t
aNS star max. mass red. ~1 M__ . = s
aRMF generally predicts stiff EOS at ; 1} -
[ [ - Th[l R
high density. Z 05 EOSY(SM) —
(Scalar attraction saturation, . - E%?,i} .
or Z-graph in NR view.) 10" 1015 10
. Central Density (g/cc)
aSome of RMF with Y do not support N — .
mass _..— ®-—-—
1.44 M ° 25 ¢t ./.-"’ iy
sAdditional Repulsion at high p ? 2 f o .
s 15 L o= s
aVector mass mod. = 1} SCL3 IMI
. . ¥/ SCL3A IOTSY ------
— stronger repulsion at high p. 0.5 | //SCL3AL NLL
M. Naruki et al., PRL96('06)092301. 0 . . 1
0 0.5 1 1.5 2
aAnother term such as NNoo. pp (fm™)

C Ishizuka, AO, K. Tsubakihara, K. Sumiyoshi, S. Yamada, JPG35('08)085201.
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