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aIntroduciton: Massive Neutron Star Puzzle
sThree-body coupling in Relativistic Mean Field

aEffects on Neutron Star Matter EOS
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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.


NFQCD 2010 Group photo (Jan.26) in the Astro part
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Observational Neutron Star Physics

sWe may have information both of M and R
— Strong constraint on NSmatter EOS

sTwo important papers are published just after NFQCD2010.
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Massive Neutron Star Puzzle

sDiscovery of Massive Neutron Star 1.97 = 0.04 My Demorest+ (2010)

aNaive RMF-EOS with strange hadrons B
cannot support 2 M, neutron star.

aG-matrix EOSs also have difficulty. -

Mass (

sProposed solutions

aAlmost no hyperons or kaons

in neutron stars.
Weissenborn+ (2011) 00
—  Needs consistency check e

with hypernuclear physics

a“Universal” Three-baryon repulsion
Nishizaki, Takatsuka, Yamamoto (2002) We consider three_body

Tsubakihara, AO, arXiv:1211.7208 .
forces (couplings)

aCrossover transition to quark matter in Relativstic Mean Field.
Masuda+ (2012) ;

B.Vg‘.% Raldo, Sahu, Schulze (2002)
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Three-body couplings
in Relativistic Mean Field
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Many-body coupling in RMF (1)

acm model  Serot, Walecka (79, '86)

aStrong attraction (o) and repulsion (®) — Saturation + Strong LS
aEOS is too stiff (K ~700 MeV)

sNon-linear (higher order) terms of ¢
Boguta, Bodmer ('77), NL1: Reinhardt+('86), NL3: Lalazissis+('97)

aSofter EOS, High precision nuclear binding energies

aNon-linear term of ®
Brockmann, Toki ('92), TM: Sugahara, Toki ("94).

aSimulates Dirac-Bruckner-Hartree-Fock results of vector potential

o />)
No, No,
Np,

N Y TP _“?Qs
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Many-body coupling in RMF (2)

aThree-body force from vector mass modification
Furumoto, Sakuragi, Yamamoto ('09)

aEffects on Nucleus-Nucleus Elastic Scattering
sDensity-dependent couping E.g. Roca-Maza+("11)

aSofter EOS, High precision nuclear binding energies
sThree-body coupling terms Tsubakihara, AO ('12)

aSimulate both of p, dependent meson masses & p, depdendent coupling

~m(py)
Y K A\
>) 1 g(py)
NG, N(Da 2 NGZ, N(!)Z,
NP, No®

N Y TP _“?Qs
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Why do we have in-medium mod. of coupling ?

aThree-body force and p, dep. coupling Physical Picture
@3NF from A is known to be important to - .
explain°‘Hand*HeBE. | & & &' 1
T +
@2NF from the same coupling will suffer from [ ==
Pauli blocking, generating strong density dep.
repulsion, and explains nuclear matter L EFT
saturation. Kohno ('12). |
o _ Ch-EFT H _ - - Q- - - - F Yl +
% : +Born V55, ] ~o .
§ 5; ESSIEFJQSWE%?EF\?m
S sl RMF
m(py}
® 2 ® 2(pp)
1.2 1.4kF [fm'1]1.6 1.8
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Criteria for higher order terms in Effective Lagrangian

sRMF = Effective theory to give density functional

aNo need of renormalizability — How to constrain higher order terms ?

f—f:'i':'}} LFL + " i‘ " P 2
o~ 3 e () ) (5) () (£) o=

[,m.np

sNaive dimensional analysis (NDA) and Naturalness
Manohar, Georgi ('84); Furnstahl, Serot, Tang ('97)

aEff. Lag. is natural when Clmnp ~ O(1)

aAssumption: Vertex appears from quark & gluon diagrams,
and there is no gluon internal line (perturbative).

aWe should NOT request naturalness for U(o),
because SSB of y-sym. is NOT described perturbatively.

sField redefinitiony Ne need to infroduce \Nascoupting ?
Furnstahl, Serot, Tang ('97)

::i-ﬂzérlﬂ ckf nition generQkeihigivsildpentgpetePimscavisiadffectddense OS 9



Many-body coupling effects

103 T T | . . .
Higher n couplings give
O vector . .
£ 2| o o scalar smaller contributions at p,
M 1' . 4 [ [ [
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o natural . ]
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Effects of Three-body couplings
in Nuclear & Neutron Star matter EOS

Ohnishi, EOS and Hypernuclear Physics WS @YITP, Jan.4-31, 2013 11



RMF with Three-Body couplings

sDefinition of “three-body” coupling : “n=3” terms where
n=B2+M+D
(B: # of baryon fields, M: # of non-NG meson fields, D: # of derivatives)

n=2 n=3 n=4 n=3 n=3
i~ >»/\/ ™M\
No, No, ?’ w? 2 No?, N2,
Np,... Now
sThree-body coupling terms relevant to symmetric matter
8L = —-U (G)+lc (oo w“)z—lc ow,w"
IR 27 ® mass mod.

_ z LDB [gGGBGZ + «gcmoBG(“)uYh T gwawu(‘)"]LPB
B

BMM couplings
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Symmetric Nuclear Matter in TB-RMF

aTwo parameter sets: 1200

. > TB-a(WR) —
TB-a (Weakly repulsive 3BC) = TB-b(SR) —
TB-b (Stroger repulsion) z 800 lf'é:]]{‘g
Results are compared with g
SCL3 (No 3BC) = 400 | “ Vector
Tsubakihara+('10) £ 5
sDensity dep. of vector potential —0 n 0.3 0.6 0.9
in relativistic BHF (RBHF) PR [fln'a}
IS SlmlllaIEd n 100 Sy'mmletrin: ni}%mr :}Stter El'.:IIS
@, 600 , Boo 300 | TE_;-IEESR} —_—
terms. _ SCL3(w/o n=3 muplh;gl; .
. Z 200 RBHF o
sSymmetric Matter EOS <
SCL3 ~FP = 100
TB-a ~ RBHF
TB-b > RBHF 0

0 0.2 0.4 0.6 0.8 1 1.2

Tsubakihara, AO ('12) pp(fm™)
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Symmetry Energy in 3BC-RMF

s0nly with n=2 terms, Symmetry energy is almost linear in density,
— L=3 S, High Sym. E at high density (c.f. Hu's question 2 years ago)

23BC with p mesons — We CAN control p; dependence of Sym. E.

oL = 2 Ccm)cpupa z L|JB [ngBGpuTaY ]L|JB
. TMI bﬂl’ély OK Pure neutron matter EOS
50 ——— _ L JE—
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Normal Nuclei and Hypernuclei

s Normal nuclei (n, p)

Ligllter side Heavier side

’ ‘““Jﬁﬁ‘ %
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Neutron Star matter EOS

aNeutron star matter
= Cold (T=0), Charge neutral,
B equilibrium, v-less matter

sLarge effects of 3BC terms
at high density.

sWith R ~ 0.8, we can support

2 M © neutron star with hyperons

included.

— We have (at least several)
solutions of the massive
neutron star puzzle.

Tsubakihara, AO ('12)
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How can we fix 3BC terms ?

sMany free parameters in 3BC-RMF. How can we fix it ?
— We need ab initio evaluation !

#One idea: Pauli blocking L -
¢ in RMF includes T A F
27 exchange contributions ! TR
— g o coupling should be suppressed
fI‘OIIl Pauli blOCking° 2nd order proce:ss in neutron mattr;.r
(Ueda, AO, Schulze started working ...) g, 41 —

contribution to U, (k
2

| . 33
n 0 1 2
ol [py=0.1661m ]

N A N A N A by Kohno (Kick-off meeting)
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Summary

sThree-body coupling terms are introduced in relativistic mean field
(RMF) model, and their effects are considered.

aEffects on finite nuclei are not large,
but large effects at high density are expected and found.

@aWe have some solutions of the massive neutron star puzzle:
We can parametrize hyperonic matter EOS which is stiff enough to support 2
M _neutron star AND consistent with finite nuclear data.

sIn order to fix parameters,
we need experiments and ab initio calculations

aBB interactions: J-PARC, GSI-FAIR, RHIC/LHC, Lattice QCD

@2 pion exchange force related to Fujita-Miyazawa type three-body force
+ Pauli blocking — density dependent coupling in RMF.
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Preferred AA Interaction

aSTAR data choose some of the AA interaction
— 1/a;,<-0.8 fm! (-1.2 fm <a, <0), r > 3 fm seems to be preferred.

12 AA correlatmn (Reduced cn:}rr)
. \_\ Data: STAR plellmlmn Nijmegen (Rijken),
. N Reduced corr. (x 0.39) fmmE dec. Fujiwara+, Ueda+’
1.0 Filikhin-Gal; Hiyama+
g IR R AA potential
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Summary

sThree-body coupling terms are introduced in relativistic mean field
(RMF) model, and their effects are considered.

aEffects on finite nuclei are not large,
but large effects at high density are expected and found.

@aWe have some solutions of the massive neutron star puzzle:
We can parametrize hyperonic matter EOS which is stiff enough to support 2
M _neutron star AND consistent with finite nuclear data.

sIn order to fix parameters,
we need experiments and ab initio calculations

aBB interactions: J-PARC, GSI-FAIR, RHIC/LHC, Lattice QCD

@2 pion exchange force related to Fujita-Miyazawa type three-body force
+ Pauli blocking — density dependent coupling in RMF.

sResearches by using Grant-in-Aid for Scientific Research on Innovative
Area, “Neutron Star matter EOS”,
will be (should be!) useful !
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Thank you for your attention !
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RMF with three-body coupling
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e g-matrix CEOS DAo g B CHIKFIEZ T ~ND

sCatania group MDg-matrix T H (Nijmegen, Bonn, Paris, ...)[ZEHE LT
ActE B EHAEI10%ELLIIBEI,

AD—HFIRILF— NAROAVESTHEDEOS
DELZRANS

aNijmegent2E! Do ZHHB*(decuplet)fFEH2 nRX HZSLED
EE R (CTIRZERTSIET,
(X BHAIZEECg-matrixFT EIZEFEN H)

oBATIE. NUFUE N DRER. BEETDOR A,
— BCERMELNELY,

Ueda, AO, Schulze, ...
N A N A N A
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SEHEYBEEOSITBWTEEFEDLSIIZHEHLATNANMN?
aShen EOS — BIE;EE RMF DO#ERZFIFE

oG ERIRL T, (KR TOREA /NS
E* ~ AT? /16 (Fermi gas), E* ~ AT? / 8 (empirical)

acollective modeDFEIZKY . (BEIEREIZH (THIREFEIL
Fermi gas [CTEERTKZELY

Specific Heat of '°C

3 I T I
25 L ::2:_ EI%EE#HEEFE;HWE T |
FHOHOHEHRIZONT T gt L L
BLTLSE, 3T ’“ vestiat
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Temperature (MeV)

AQO, Randrup ('94)
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EELGER THRED )T AR FEDEYE

Hyperons, mesons, quarks

Asym. nuclear matter
+elec.+p

Nuclei+neutron gas+elec.

ﬁ%mﬂﬁ
(E4 T/E%E)

Nuclei + elec.

*i 8 EEPF-V“JU"
BEC-BEC cross over,

éﬁ\ EE\

B (REREMRTEFE) .
EE. /IR,
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Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).
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HEFE L% E DEE gl 7o ZE a1 E 5
Hyperons, mesons, quarks

Asym. nuclear matter

JRE(Prod.). +elec.+p
A+ (Structure), Nuclei+neutron gas+elec.
I F(Kaon Nucl.) Nuclei + elec.

thH(Sym.E).
BE(EOS).

B EL. FlE, B, ., FIERAR, X8, Eii, f#(C)
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1.97 =+ 0.04 M_ Neutron Star

EES—————_—Ee | Rttt

BEVPETFEQREOABREE)DEHA

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

o— iR AE X1 B Ef (Shapiro delay)CEDSKEERE

TEELGAEEDAES+ELVERAIGER Strange Hadron
JEF AR AR (L0S) 3L VIR EIYEOS
aStrange Hadron 25 : \
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HEEAIZHR Hr—Eg \2 — |
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05f NS

Radius (km)
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Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201
sHyperon Effect is DRASTIC 0.1 1 (fm)

2.5
ﬂMmaX=2.1 MO —> 1056 MO ,.._\= 2 I . s -
= r
o 0 N E _ t _
aComposition Y, ~Y_ S 15
wn N
'-i" avran frantinn nf = E 1} < Shen (Nel.l) - -
Neutron Star Matter Ishlzuka_l_( 08) Nl';igﬂ —
o | TM1 EDSY NY(Att.)en ——
A T — 14 10" 10"
;.3"1':'_1 : : r_f_-f/"#—;-"""—_' ____g Central Density (g/cc)
2 [ o - ] n ———
10 | I p
. ] e
][|'3 _ : : : ' | : | 1
o | EOSY(SM) A —
B - _":".'-:--,_. Y S 1 Z+
-1 I T = — = = ——
<10 R s S —
10? | 1 : o . A
: I ] PR
o N [ c.f. H.Shen+('09)
0.6 0.8 1 1214 0 02 04 06 08 1 1.2 1.4 16 — n, p, A EOS
fhrfert+('98) o )

32


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.



sFit as many as known observables
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.

aEOS, Nuclear B.E., High density EOS from HIC, Vector potential in
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NANOEENPHEFE
sFEF 2285115 One of the Two Serious Problems (5i%)

sl REMDWVEOSIEIEBEESNT=HY, exotic/TE AL F A
BEINT=HITTILELY, J(Lattimer)

BBz RAOY - KPBFEESTLEOS
= xRN FENBERBERMP)ICEVLVTHES ERZEIXIFZSUG)IZ
LE=A>TRARERD (g, /8, ~2/3)

2.5

n+p—

n+p+H - _7,,—-&—_“\

T (0.78. 240)

T T T 7T T T7
03 04 0B O68 07 OB 05 1

log (&, g/cm

X

N.K.Glendenning, S.A.Moszkowski, PRL67('91)2414
mmy" ?QS -
e YTP 4‘ # Ohnishi, EOS and Hypernuclear Physics WS @YITP, Jan.4-31, 2013 34
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NANOEE NN EFE

g/INARAVEEH, ELVF

1+ EX XA SHRMF

INAN—BEBREEE . AD—RFIRILT— FTILNAN—BDODHEE

#.

ITRI)LF—, T-[RFDatomic shift

aNL1, NL-SH £DORMF/A\TGA—E3—TIE/\ARAVEZEATH

EJE?EHES_L*EEU:Z MG) Eﬁié ! Calculated Neutron Star Mass
IMIZEICLEBS. S [@~LT (b) NLSH
7 - 7
= 17 np.A T
_;‘. up.-*'nE.[S'L'ﬁ]} ...........
= 0 - npAL(AS fit) . .
= (c) TM1 | | (d) Comparison
2 T -
pa— T —~
1 -/ - / NLI1(AS
NLI(AS fit)
NL-SH(AS fit) -~
%@EL\H: ? 0 : - - IMI(AS fit) —
0 0.5 1 1.5 0 0.5 1 1.5

Tsubakihara, AO, to be submitted
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Meson self-energy 3J5£

AR LBBFOBEIRILY—IR

1 v
waw —

L

1
2

2

1

Zcm(wum”)z

oFE—RHEFE(RBHF), E4FVEENDOHBDOI)TICHERLH

NT 1 NT QWX = I+2=4 71 \F~I \ |

10° | 1500 . _
- _ - SCL3 I
= - - SCL2 o
=, - L TM1 e
=107 ¢ a < 1000 NL1 o |
= | — NL3 — - e
< | /2 E RBHF o -~ .7 o
v nl | e SCL3 = = I e E;[_'--'E'}-——-i""""
7 ol , Sﬁﬁ ...... £ 200 f-._-.g_';i::il-ﬁ"'“"' Vectol
o _ NL1 ’ ﬁﬁP@D
= .0 NL3 ~—-— z
100 F Danielewicz etal. = : B 0 \%\}7
0.1 0.2 03 04 {l S 06 07 0.8 ::, _ WE'u;--I'.D_'--.-.j-- Scalar
p(m®)  NL-SH~NL3 S 00  “ESEEmeete o
P. Danielewicz et al., Science298('02)1592; 7 .
R. Brockmann, R. Machleidt, PRC42('90)1965. | |
. . 0 0.2 0.4 0.6 0.8
K Tsubaktham, H. Maekawa, H. Matsumiya, oy (fm™>)
. I3 81('10)065206
Y T Ohnishi, EOS and Hypernuclear Physics WS @YITP, Jan.4-31, 2013 36



Short Summary

sfflE R

aDemorest et al. (2010) TIIEZFLISLD BE

EOSDHILDEREZEHE .

AEIZEKD

JIER N BRBIE R TIX/ N ROVZ S Universal’Z F A E,

o8 %t SR A F 1 IF(RMF) Tl

xRN IHN S Universal’s M
RADFET S5D TRIEIEPPEL,

LHLE—REHEDOHKBR®

BAA BRI SDHBEET L. 144

2 Moz XA BICIE
AfRICNIROVEED
“Extra Repulsion” A HE

o— SEN(BEEN)ZESTLEOSE

A |

2 Frrrrrrrrp et
__ _without Y (TNI3) -
ME‘ ffA T i
. with Y (TNI3u) |
15 3BF

0 g 10 plp, 15

S. Nishizaki, T. Takatsuka,
Y. Yamamoto, PTP108('02)703.

m-m - ?QS
" YTP y # Ohnishi, EOS and Hypernuclear Physics WS @YITP, Jan.4-31, 2013 37



SR Nz UHEXN R TEIHE R
(Progress Report)
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3 HEFEFELRME
SENESCHEERE

1

oL = _Eccwcwuwu _ z JJB [gccBGZ + gcm)BG(’L)uYu + gwawuwu]qJB
B

+BBMMAH B {E AR TR ZERMGTRMF TIXER
BOBEEICKYMDIAICIRINRAIBE) Furnstahl, Serot, Tang ('97)

LH LB DB EEH[ENaive dimensional analysis (NDA)DRXMEEXZ .
BEETE AN EBLRRER,T,

n=d+B2+M (d; WAES B/WE | -
Top S
‘:}" F Gi‘ * natural
© e * o
./\/. ./\)/.\/. glﬂl [ 0 o —
¢ .
5 | .
& 100 | 1 ]
L4 E ] '
ijj 3{$j:| 10-1 r | | ! 91*
2 3 4 5

Furnstall, Serot, Tang ('97)
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RMF with 3BF + SU(3) : “violation”

aTwo types of modification Tsubakihara et al., 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(SUQ))
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™>)

m-m - ?QS
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Symmetry Energy in 3BC-RMF

s0nly with n=2 terms, Symmetry energy is almost linear in density,
— L=3 S, High Sym. E at high density

23BC with p mesons — We CAN control p; dependence of Sym. E.

oL = — 2 Ccm)cpupa z L|JB [ngBGpuTaY ]L|JB
TMI bﬂl’ély OK Pure neutron matter EOS
590 L ' ' ‘ ' - /7 /7 70 | ; . ;
400t i ! 607 SCL3 ——
- i ha 4 ~ 50 t SCL3 wn=3 p coupling
>f“\ I ] % FP .
@2300 _ L S 40
= X
%90? 't | e
Lﬂ : // : 10 ¢ e Lol
of ] o= . . .
1o, ™I < | 0 005 01 015 02 025 03
0o . _SCL2 -0\ py(tm)
% 05 Densit 0. i & 20 Tsubakihara et al., in prep.
en;1 B(pr / Ko FP: Friedman, Pandharipande ('81)
p (1M

mmy" ?QS
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sSSPl R Is T SRER & 8B T
JEFERME, BEFEXYE,

HEEBALHIZ !

Summary

NI

it FEDZYE ]

KIAEMEBOBAHIZEYPEFED

JERERTH: SEER - BRI IS L TEOSTEERZ SIS H 9 (K

o/nH, Hii%. QCDHEER . HFQCDFE., ZLDRENAN—HETEE
No — BDERREADIESE, KAHLLERLILET,

sNARNOVZEEURBAEAELELF
INAROVEEH . UEOKEEEZEMA S

L35,

oHMB D EERT—R Lconsistent THAT=OHIZIE,
BT HEHN G REZHZISAoMDIEN(ZENIENDE,

WBRNZEETUMR AT IHE

S CIXEL A

7 &
M FEEZASRBIFE

EFEERADELDIC,

MHIRILF—DEERFEZIVIA—ILTES,

oEER-FR-F—[RE

ETEMNSEDLIICROLNHM?

- Qs
- . Y T P _o
=
"= 'YUKAWA INSTITUTE FOR
: THEORETICAL PHYSICS .
| o |
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Many-body coupling in RMF (2)

aThree-body force from vector mass modification
Furumoto, Sakuragi, Yamamoto ('09)

aEffects on Nucleus-Nucleus Elastic Scattering
sDensity-dependent couping E.g. Roca-Maza+("11)

aSofter EOS, High precision nuclear binding energies

~m(py)
[ 2. ) 'l'
No, No,
Np,

N Y TP _“?Qs
Ohnishi, EOS and Hypernuclear Physics WS @YITP, Jan.4-31, 2013 45
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Hyperons, mesons, quarks

Asym. nuclear matter
+elec.+n

Nuclei+neutron gas+elec.
Nuclei + elec.

HEHRA

BE-EEEN <:>
EZEYE

3 E >

FER po(EE)

o EHD

\\ MR(ug-+&) / YA \\ HMIRILF— /

- Qs
- . Y T P _o
3 46
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EZEIERHME

(fhE. SRHE. RE. K+, /ME,

MR RILY—, *HHERE.

Cold Atom (BREH, K.

\ TN EABEEORETE

EEELRAME o e

(RHE. A+, +F, B, KA.
E/L. @i, ., FEA)

AL R AME DREE.

D+ —0MBDEOS

EIRDIEM D,
AL ORAGME., PEFBRERME,
AHRERFHE, REHEZREU DT,

%l-%ﬁ'l‘)‘b:hf— "The EOS" 2%%T 3,
) Y TP -0"“

|, K18 KIAHZ EEOS

B, g, L, 5i5)

red shift

HE&H
HE- LR
[EZEnE |

"R (R)

\ MR(u& £@)d®

TOV#H=Es

-

E (ZTRILEX—)
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Tolman-Oppenheimer-Volkoff equation

t// P(r-+dr) dP G(e /¢ 4 P/?)(M + 4nr3P/c?)
2 2 e e R
. (E:()T ar) Moy dr -r2(1 — 2GM / -rcz)
ol § 2 r
| EEEe M(r) g = 5 dE af &
dr = Moo, dr  de dr
e(r)/c2 M(r) dFf afF _
Non-Rela. < =~ G ~ P=P), —=—-(¢) (EOS)

‘ When you make a new EOS, please check the NS mass ! I

=y - TP ?QS
| =
mEmam YUKAWAINSTITUTEFOR >
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HEFEDEBOERLNEEL !
dAMNVV O RABRMEBDER - NY, YYHEERAGEHRWER))
B IR —EAT L EHRISSSERERGEA)

o P F BRI o R = R )
JEI N 1 ¢ 2 H B tAAﬁ
SEFENEFDOERLATEL !
HBEFQCD/\YA B H(ARF)
HMEFEYEPOXER - RHIRILE— /R 2(ERA)

RO E BRI R AT !

21.97 C:; %?Eaa%ﬁ—w 2010)
o ED; =2 659))

HEBLVRHIDHER (Paget+, 2011)
FA PR OLTAYSEEY! 19

S
e




kil 7€

sPFHEFEDEE-FER

dTOVAREXZHESE MEE)-REH)BEFRXE EOS (1% 1%k

oM, RA[E

1EFIZREDE, EOS [ZIEE 5L VIR

[Eﬁiﬂllétht(M R) D’ REBAIDELRHS ! |
XEEN—XFEA - FERCEHEE)DEHR

{7/
/!
."'ll .rf 10
i
.-'r,.f'r AP4 MPAL
//
2 / \ -

III." ! o | 1E
SEa A
E .-"JI-"JI [ M -

: / =
= ffi? | Gai |r g Ff
; § T s
1 i sam1 ' 7]
L .-ﬁ:" |
- ft’; | 1
/. | | | I

0 ] 10 15 20
Radius (km)

Ozel, Baym & Guver,
PRD82('10)101301 [arXiv: 1002.3153]

- Qs
- . Y T P _o
=
"= w 'YUKAWA INSTITUTE FOR
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| o |

[arXiv:1005.0811]

E LN B R
[ Steiner. Lattimer & Brown 2010 7

M (kmm)

Steiner, Lattimer, Brown, ApJ 722 (2010) 33
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o 3R HR ERIE & n ISR
JHBIGERE - XvvT — vIiIRHOHIF
aCas A DIEFELRERTEESHNEDRIE

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

0.5 1 2 3 4 56878
aneutron pair Dbreaking & formation ool e T
T Pl 3y 7
=] > - .--""'--"““."‘-.,‘ pl
I*?(%EEEAGJEEE . SPOEfgifd):\f’V‘yj’E log T,
I: F T "";"i T T T ror T rororTTy '-K'}
90 -
B.0OF -
\ | 1 ! | ) \ I ) | ! ) .
T R T A B B 14.0 14.5 15.0 a
10° ! 0 001000 o 10° oz P (gfem’)
age [yrs] L age etal, 2011 Takatsuka
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sSummary of Nuclear Symmetry Energy workshop

NuSyml1l http //www.smith.edu/nusym11
(py) =31-34 MeV, L =50-110 MeV

sym

extracted from various observations.

aMass formula Moller ('10)

alsobaric Analog State
Danielewicz, Lee ('11)

aPygmy Dipole Resonance
Carbone+ ('10)

alsospin Diffusion
NSCL/MSU group

aNeutron Skin thickness
J.Zenihiro+ ('10)

IR ChlEETp LLTD
@F’C%sym [ZEUR,

S(p) (MeV)

50 ———

(dv)
o
——7—

(oW
o

10+

Density p/p,

1.0 1.5

2.0
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oF—REMNFHR

Akmal, Pandharipande, Ravenhall ('98), Kanzawa, Oyamatsu, Sumiyoshi, Takano ('07)
Brockmann, Machleidt ('90), Schulze, Polls, Ramos, Vidana ('06),

Nishizaki, Takatsuka, Yamamoto ('02), ...

HRAEMNERZAMOHELT, SHREZE:

% fi#{(GFMC, Variational)

&H 5L I FE B ERAZE H(DBHF, G-matrix)

BN ERBAIZIE—RICIRRBEHBA N -BERFERNGENDE
NARAVEE AT HESHITERIE — Universal 3B Repulsion (NTY)
sJEFR I EREYEIGEE! E.5. Lattimer, Swesty ('91), Nakada ('08)

o BEHRTE 1 (Skyrme 1. M3Y) 1935+ EME 1 & &

sHBX SR T IHER

Muller, Serot ('96), Glendenning, Moszkowski ('91), Shen, Toki, Oyamatsu, Sumiyoshi,
('98), Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada('08)

o8 X1 SR A F BB/ RMF)+IE— R (Thomas-FermiiT{&))

ARRBYRIZLDFH

" by AP, Al TE 12 BREMAMZEEES Z 54



° 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 NIX 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

2.5
[} — 1:
: - & E
i - ' 1
: - 7 E 7
2 s =
e !_’__,a-"“ E"‘:‘
5 ! 1 @ 013
Eﬁ 07,3001 4 ~ S 157 5 3
{(0.78, 3001 7 = O ]
- . - 5
@ S : s 4] _E
EE 5] 2 : . 5 0.0
| n+p+H, g,=0 . E
= -1 m -
1 0.5 2 ]
] S !
P -(0.78, 240) £ . . | :1
- ) sot—T— T T T T T T T T 1
Dl||'||rr|||--rrr||-- 01 2 3 465 & 7 &8 910112
T | T T T ] ! | T T T T T 14 145 'Il'_ 155 "|E
03 04 05 06 07 08B 08 1 . J,f 3 ¢ (km)
«° log (£, g/cm

oI

N.K.Glendenning, S.A.Moszkowski, PRL67('91)2414
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HREMERNIDLRE—
1(G-matrix)— R FIRILF—

A EE)

LT,

Zself-consistent| IR 5E .
AR ZERT AT 3R ALRE,

23

—

3K 1 (2 i)

"5 lR’)"’fj(l\'}Zl'/,

EIRER)D

4 I8 S 20Uk hoaw- 3B EQTh EN
- -10 T T T T T T T T T T T T

12 ac
4T e V18
s -
A AT K4
e [ o PAR
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o 22 _ o BHEF E® ] _
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- 4 DBHF N3®
26 | 1S® -
-28 i A®
=30 1 . 1 , ] . ] . ] . ] .
0.15 0.20 0.25 0.30 0.35 0.40
p (fm™)

Z H.Li, U. Lombardo, H.
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| YITP Kyote 3 3.2

B/A (MeV)

50

40

30

20
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—o— PAR: Paris
l—0—'W14: Argonne V14
—=—V18: Argonne V18
—®&— A Bonn A
—m—B: Bonn B
—a—C: Bonn C

—o— CD: CD-Bonn
[—&— R93: Reid93
|—¥— MN33: Nijmegen3d3
—«— NI: Mijmegen |

|— — MIl: Nijmegen |l /
—+— N3: N3LO
|—®— IS

—o0— PAR+TBF /
~—O0—V14+TBF /m
—#—V18+TBF h
- - V1B+Z-diagram  / / ‘@
—#o— Bonn A (DEHF) lr /0
[—m— Bonn B (DEHF)

|—®*— Bonn C {DBH

.~J. Schulze, W. Zuo, L. W. Chen, H. R. Ma, PRC74('06)047304.
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JIHEMNN, NY ASoBERL-AMHEERAWGRNAIMEEER)
BENDBRARM/ESD)

AREEARIRTEME (V18, N93,...) K > NA/I\—RKIFHRHANHE,

E.Hiyama, T.Motoba, Y.Yamamoto, M. Kamimura / H. Tamura et al.

BBAZANGWNEFHEFEEIDOSANS,

' ¥ o
25 ——BOB | E = __ _without Y (TNI3) -
_ - ——-Vv18 | = _ M/ Mg| it |
\ NG3 : VL with Y (TNI3u)
20 \ — X F = _
e | -~ st [ |3BRA
~ -4 1 P |
10} ol P i |
_ i | : f il Tt i with Y (TNI3)
05} k&_j 1
G_D 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — [ﬂ} -
8 10 12 14 1600 04 08 12 15 B NN NN
R (km) p_(fm™) 0 5 10 p,ip, 15
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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sRMFD /N5 A—4
~  MBH#ARM. PRITHEE. FELES |
Se o J
JRFEDHEE ].
— oN, oN, pN $EEEBITHEIL -
s> and 6! I§ —» EOS DY 7MLt
J. Boguta, A.R.Bodmer NPA292('77)413,
NLI1:P.-G.Reinhardt, M.Rufa, J. Maruhn,
W.Greiner, J.Friedrich, ZPA323('86)13. 00— — 7 77
NL3: G.A.Lalazissis, J.Konig, P.Ring, SCL2 i o
PRC55("97)540. _ 40 p T PSS
a0* I8 > DBHF D #E R Zsimulate E 20 | onf? © P ef,f
TM: Y. Sugahara, H. Toki, « RBHE ;H A
NPAS579('94)557; =) /7 A
R. Brockmann, H. Toki, PRL68('92)3408. e -
%ﬂ%ﬂ%ﬁﬁﬁaﬂ N=Z

-20 —

"]
- - 0 01 02 03 04 05 06

>  BEEAETEAEEL N

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

ssssssssssssssssss
| o |

59



sFit as many as known observables
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.

aEOS, Nuclear B.E., High density EOS from HIC, Vector potential in

MDIIN Il nmesaezalaaca. anarofinn EFnorav Nanfran Qfar
Lighter side Heavier side 10° s oee

_ 1500 . . >
s S SCL2 7
st - E = ; TM1 - o
B S0 — Zwoop wpo o
—_— e I W
g’ | 210t SCL2 g
g . z s - =
? SCL3 —— ] E i NL1 ] £
SCL2 ——-- S ool NL3 —— | &
i T IMl "ﬂgp'. PR 10" ¢ Danielewicz et al. : 3 ':,
3 : ' : : : : 0.1 0.2 03 04 ﬂ 5 0.6 07 0.8 —: =
10 20 30 40 50 100 150 200 2 =
3 Pm (™) - |
3 . . :
30 - . ' - - & 0 0.2 0.4 0.6 0.8
oo At SCL3 —— A e 3
’s &4 S,from™ "\ Z exp. | 25 | ._z" ] pg (fm™)
20 ol ! -‘
: % WS : P. Danielewicz et al.,
i 1+ 7/scL3 I0TSY 1 Sci 298('02)1592
5 1/ SCL3A NL1 cience .
-/ TscLy - NL3 -——-
o |l 0.5 ,.-*‘J T R. Brockmann,
s - ' ' - - 0 R. Machleidt
0 005 01 015 02 025 03 0 0.5 ! 3 1.5 : , ’
a5 pg (f™) PRC42('90)1965.
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sNo Hyperons, No Kaons — How can it be consistent with YN int ?
(g in NS ~ 1650 MeV in core in TM1)

aStiff 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 | | | | | | | | 0-08 T
- nlucleon | o Proton v, for AGS to SPS Energies
20 === hyperon 7 0.06 -
i — hyp+quark B=100 ] :
- — hyp+quark B=B (ps). 0.04 |
TS Y R 0.02 |
"’é@ I ] . )
- — > Im
<10 M I 7
= : e ] -0.02 |
I ] -0.04 +
0.5 N
I ] -0.06 |
CBukGbbs
U D . | | | | | | | | | | | | | | | | | | | ] -0'08 I
' 8 10 12 14 16 E  (AGeV)
R [km] M.Isse, AO, N.Otuka, P. K.Sahu,
H.-J. Schulze, NFOQCDI10 Y.Nara, PRC72 ('05)064908
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sl F-NAROVEES

o IL— 13— RE > (SU(6)) R FifE
~ DF—DBHA I T4T
Glendenning ('81)

Xoh = gGA/ch =2/3
XA = g(oA/gu)N =2/3

ADRTUOYILDOH

— B&ME"
(U,

~2/3 Uy) EXF s o

cf. n ZPEHLLITERADE x_~ 173
Brockmann, Weise ('77)

ass DOIFAHANT—, RIFILHEF
C @) EDFTEEZTEHEA

sm T EYMESF
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Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201
sHyperon Effect is DRASTIC 0.1 1 (fm)
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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.
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OCD Phase Diagram

RHIC/LHC/Early Universe
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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.


sTransition to Strange Quark Star during Supernovae — Second Shock
(Hatsuda, 1987; Sagert et al., 2009)

sEarlier Collapse to Black Hole with Quark-Hadron Coexistence
(Nakazato, Sumiyoshi, Yamada, 2008)
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sProton fraction in Compact Stars

aNeutron star Y ~ 0.1 (py ~p,)

aSupernova Yp ~ 0.3 (bounce) (c.f. H. Suzuki's talk)
aBlack hole formation Yp ~(0.1-0.3)
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sSummary of Nuclear Symmetry Energy workshop

NuSym11 http://www.smith.edu/nusym11

Esym(po) =31-34 MeV, L =50-110 MeV
extracted from various observations.

aMass formula Moller ('10)

alsobaric Analog State
Danielewicz, Lee ('11)

aPygmy Dipole Resonance
Carbone+ ('10)

alsospin Diffusion
NSCL/MSU group

aNeutron Skin thickness
J.Zenihiro+ ('10)

SEE ChBI22Tp AT D
@E’qufsym ':ﬁ@o

"TYITP
|
"= w 'YUKAWA INSTITUTE FOR

nnnnnnnnnnnnnnnnnn =
| o |

TM1: barely OK

Spo———————— o
4o}
> | %
§E3OOT 7z
! -:
= I
SCL2 -=-%-
0%6) 05 10 0] i5 20
Density p/_@o
pp (fm )

74



sRMFs have small ambiguity in Esym.

[s it true ? 30
= 250 ¢
sRMF Esym is determined to fit finite nuclear 2 *®|
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BE, thus reflects average values in the p;<p, 1000
region. 50
190
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o ° ° — 100'
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sNaive RMF assumption = BM coupling follows SU(3)..

sShort range BB interaction comes from 8+1

quark Pauli blocking + one-gluon exch. & _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 8 o
bosonized form, BM coupling violates SU(3), .

- 1
V= @ Tap (g = =5 ) ME0E+ ) go T,
a,f o o

E.g., X atomic shift wl © 1 - ”;

— g -~ g . (SUQ)) x (0.2-0.3) : | l * _ [

sFinite size of baryons would lead to 7 s o

excluded volume effects — p — vP | sasw D
(flavor singlet vector-like effects) 2

Tsubakihara et al., (2010)
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Tsubakihara, AO, in prep.
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aTwo types of modification Tsubakihara et al., in prep.

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

sR=g . /g . ~0.8>2/3(SUQ))

a— M_  ~2.02 M, with hyperons (~ 1.4 M_ w/o 3BF, violation)
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sHidden strange meson M4 X . . . .
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sCP location 51=50 MeV in Asym., g /g.=0.2
in Symmetric Matter 200 HIC BH: Shen EOS, 40 M, |
0 L FK02
. ) o ia 0]

aLattice QCD ~ 150 ¢ ° o Can.

1.,=(400-900) MeV ! . QPN

" 100 @

aEffecitve models e CP(Lat) © °
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— 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

JIVITP <75 82

| YITP Kyoto 4 25



SHEFED/ (RO M
AT B THOIEFERTUIYIL gt | o TR ;ﬁ ------
pg ~ 1650 MeV >> M, (Shen EOS) = /7 i/ .7 )
— INARAVHAHTDOHER ol i-’ i
-3 C |
dAAHEIEAIE? 0 0 02 04 06 08 1 12 14
L A ,\175—%%. AA corr. op (fn)
? j) 1 *'(“ Ishizuka, AO, Tsubakihara, Sumiyoshi,
Takahashi et al. (KEK-E373), Yamada, JPG35('08)085201
: _ PRL87('01)212502 3
.1- '“E 25F T A Combinatorial
\ \:‘1 ﬁ B . Phase Space for
. T . = .1 KC—""Be(g.s.) KAA
\\ \ N Sanums INC (FSI OFF)
; % D + 552
N = 15k T "E—:gg;g:i;scium
z 1
s

ost €T

EN

C.J.Yoon et al., (KEK-E522), |
_ PRC75 (2007) 022201(R) O =5 0 75 100 125
- YTP *‘?Qs# AA Invariant Mass-2M, (MeV/c?)

| YITP Kyote 3 3.2




sRHIC-STAR measured AA correlation !
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