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# Introduction: BEEXAEBRRICE TS MHE - XKYHE
# Nuclear matter EOS for compact astrophysical phenomena
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# Nuclear physicists thinks that
“Astrophysics is a laboratory of nuclear physics”.

# Astrophysicists thinks that
“Nuclear physics gives us inputs of Astrophysics”.

# Both of them are true, and hopefully we can keep win-win relation.

Microphysics Inputs
(EOS, reaction rate, vA, e capture, ....)
>
Nuclear Physics Astrophysics
-4

Macrophysics ”Laboratory”
(T, p, Element abundance, ....)
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@ Cold -dense (~ 5 p ) matter (static, v-less)

@ Many new forms of matter have been proposed !

s HEHE
@ Warm (T ~ 20 MeV), dense (~ 1.6 p ), dynamical, non-eq. v

@ Important site of nucleosynthesis

8 IS5 R—ILRBTE
@ Hot (T ~90 MeV), dense (~3 p ), dynamical, non-eq. v
@ QCD critical point may be reached

s BH-BH, NS-BH, NS-NS @&

@ Very dense matter is formed.

BRRGRE -ZEORMEANESNSD !
— QCD HERRICEZSDTIE (BEYE

BORMEF) ?
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OCD Phase Diagram

RHIC/LHC/Early Universe
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Can we detect Quark Matter ?

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

a8 Earlier Collapse to Black Hole with Quark-Hadron Coexistence
(Nakazato, Sumiyoshi, Yamada, 2008)
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Compact Star Matter is Neutron Rich

# Proton fraction in Compact Stars

@ Neutron star Y ~0.1(p,~p,)
@ Supernova Yp ~ 0.3 (bounce) (c.f. H. Suzuki's talk)

@ Black hole formation Y ~ (0.1-0.3) 05—+ 7T+

- promptBH Y, 1
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quark—hybrid traditional neutron star
star —

hyperon

ar neutron star with

pion condensate

o hfEF&EE (K, 1)
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. s F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193
LYITPYT Y XF@ [EHERRLRIESS2L— 3y JHRS, Dec.26-28, 2011, YITP 8

nnnnnnnnnnnnnnnn




BVPEFESFYD.....

s 2010 EDEYSY =—1—X

[1.97+0.04 M, DEEZELOPEFENER SN
Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).

o —RRHENIERICEDERA

[NV — (hEFE) Hho AN HE (BREE ) Da<ZEHEY.
BrfE1HY B B (Shapiro delay) , J

X THER

nANDY, pilFEREzES0
REABRATEIZZ oL,
71 —VME THEOEELE]
LETHD,

(1.97 £ 0.04) M_ OHEFEIL,

)l

signature. We calculate the pulsar mass to be (1.97 %= 0.04)M o, 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'’.
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1.97+£0.04 M 0 Neutron Star
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o FEMDHLIEBEEDEHE - FREICEANTFTMED
REFRAZROONDIHN?

@ Exotic T H -HZRDTohdH?
s XAEYENSOHEER (EFHF
* HIohTWWS2TORMMR-T—RERFECREAEXZATE L !
Microphysics Inputs

Nuclear Physics Astrophysics

-%

Macrophysics “Laboratory”

PEFBEZCIMIRILEY—) N—B, I+—ODEIZEITS
BEDEREI-OL\TERLET,
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Nuclear Matter EOS
for Compact Astrophysical Phenomena
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IR EBERICH NS YRR ETEL

s BHERRFHE =v BEZRYANEREER
o BEIRS—IL ~ 100 msec =v LISM I E-{L T4

o MEHEX: &F, B8F, kF, RFE&, MMROV , 1, K, 74—7 ...

o XA (Boltzmann) : v-A BREFE. e R
o KEFEX - AREAEDR. GLVFE- Yp &£E. 2AF
@ NFGASALXENT-KEBFFER (Sato, Takahara)

o F—[FREFHE (LQCD, GFMC, Variational, DBHF, G-matrix)
— ﬁﬂ*ﬂﬂ@nﬁ%k(iﬁﬁ’ﬁﬂ‘]S Wﬁﬁ&?ﬁ" VR

"l i . U-
LU Fi urrJLU "md (L- Sju The ULX model of P’ 7k contains

two static terms; the two-pion exchange Fujﬂ:{—hﬁ} AZAWA 111
teraction. F;z. and a p]:lE:ﬂDﬂl-E:ﬂDlDEiC’ll intermediate range
repulsion V. The strength of the If' 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
Trye density of SNLL (Akmal, Pandharipande, Ravenhall)
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IR EBERICH NS YRR ETEL

s BREBREME =v WEZTRYANLREERR
o BEEIRAS—IL ~ B100 msec =v BLAMEIER- L1
o KBHER: &F, BF, XF, FF&, ROV, 1, K, 74— ...
o HXAEX (Boltzmann) : v-A BTEFE. e fER
s REHEX > AREEMDR. GLVFE- Yp GEE. 2FH
@ NFGARSAXSNT-HKEBAFER (Sato, Takahara)

o F—IRE

5+ H (LQCD, GFMC, Variational, DBHF, G-matrix)

— BAMIEDRRRICITIRRMAHY 3 NG ENDBE
@ Variational EOS (Kanzawa+('07)) CTbIREKH/EI 3 AR E,
@ Lattimer-Swesty (LS) EOS (J. M. Lattimer, F.D. Swesty, NPA535('91)331)

*—HEBE - AXILLA(BEERGFEOLVDH) TOEEE
* EF—HUR - EEEREH
@ Shen EOS (Shen, Toki, Oyamatsu, Sumiyoshi, NPA637('98)435)

> —R¥WE — Relativistic Mean Field (RMF, TM1)

3 FF—#RZHE—>_ Thomas-Fermi M1+ HEERFEWINRZFIY Ah iz o

"Y-TP"“?QS# Kt @ EFERRELBESS2L—2aV IARR, Dec.26-28, 2011, YITP 14
Treer e . ~ = , UecC..0-20, ’



Relativistic Mean Field

#a Effective Lagrangian of Baryons and Mesons + Mean Field App.

B.D.Serot, J.D.Walecka, Adv.Nucl.Phys.16 ('86), 1

} G, O, f,...

@ ZNF7—HEFHr DRI AERIMLHRFNoDENFAIZKY

WELZHID AL LS hZEEi,
o X MAVERM — causality ZHBELY,

o hREF- /YA UEERITTL—/3—SUQR) AL EDEANES .
iiﬁa)_go

- BEEMEOREAEBAZREDR T HIRENGE

"Y-TP"“?QS# K@ NEFERRBLBES SaL—2aV IRRSK, Dec.26-28, 2011, YITP
Treer e . ~ = , UecC..0-20, ’

15



RMF with meson self-interaction
s BHE#HI7T RMF (oo &3 ) TIX EOS NETES (K> 600 MeV)

# Self-interaction term of mesons
2 ot DEA - E—[REHE (DBHF) ODRIML-RTFI v ILE KK
@ 63,04 MBEA — EohIVREAERXMNATEE

2000 AL I SR AL IR LR I SMAELALE SLELRL RLELE g+5_-'*'|""_'l"‘ T I I
% 15C|I.'.II:-— UV NL1 s - 9+ .
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1 ]
o 1000 | ” ™1 ] 8.5 |
3 } _ :
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TM1: Sugahara, Toki ('94)
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High Quality RMF models

s LXDH®D RMF /85A—R(Z& BT E L.
rEEARISEIBECRFRERERE ! |
— High Quality RMF models. ] e s
TM, NL1, NL3, .... “~~,.'
@ £HETI1,2MeV DIRE [
(NL3) 00 lRILIBICaIIcuIlatil-::nls o
@ Linear coupling 80 |
(eN, N, pN), 60 |
self-energy in ¢, ® 4o}
< _
o FRICEH>TRIEEEHD = 29
BEEFEEEA, & oo |
2 20 } :&
40| *—e NL3 | A
60 TTIN
-8.0 —
O T e 0 w0 o
A

NL3: Lalazissis, Konig, Ring, PRC55 ('97)540
- m Y-TP *\?QS# I_ s, = ~ . . ~ ]
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Symmetry Energy

s BEHEYDODIRILF—(—HME) JE/A

o RFZOEELARK. &
— fAMFE. ABEIRILT—,
XTI RILT— K
(po, E/A( po))= (0.15 fm-3, -16 MeV)

SO0 ~30 MeV

o WHIRILT—DOEEKFLE L) .
JEEREE (K) K
— KEGREH (P E/A(p,))

ElA(p,d)=¢(p)+E,,(p)d"+0(3")
Symmetric Matter

e(p)=epy)+ £ 04 (g,
Po

Symmetry Energy (6=(N—Z)/A=1—2Yp)
L{p—p)  Kym(p—p0) ;
E =S,+ +—== +0((p—
sym(p> 0 3p0 18p(2) ((p pO) )
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Symmetry Energy

& Summary of Nuclear Symmetry Energy workshop
NuSym11 http://www.smith.edu/nusym11
Esym(po) = 31-34 MeV, L = 50-110 MeV

extracted from various observations.
Mass formula Moller ('10) 50 ————

Isobaric Analog State
Danielewicz, Lee ('11)

Pygmy Dipole Resonance
Carbone+ ('10)

Isospin Diffusion
NSCL/MSU group

Neutron Skin thickness
J.Zenihiro+ ('10)

S(p) (MeV)

s TR ChBIEETp) LLTD
ﬁf;'@@ Esym ':ﬁ@o

()
o

(4"
o

10

1.0

1.5
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From Heavy lon Collisions

compared to transport theory calculation
NSCL/MSU group

usion in peripheral collisions

= Isospin di

60 80 100 120 140
time (fm/c)

= Yield ratio of neutron and proton

By T. Murakami



Symmetry Energy

& Summary of Nuclear Symmetry Energy workshop
NuSym11 http://www.smith.edu/nusym11
Esym(po) = 31-34 MeV, L = 50-110 MeV

extracted from various observations. TMT1: barely OK
@ Mass formula Moller ('10) Mo——————7
| /
@ Isobaric Analog State | i
Danielewicz, Lee ('11) _ 4o //
@ Pygmy Dipole Resonance %g [ 7
Carbone+ ('10) 2 %390 [ /#
@ Isospin Diffusi e |
sospin Diffusion -
NSCL/MSU group ?90 ! )
@ Neutron Skin thickness - 1005_ _
J.Zenihiro+ ('10) | ™1 ——
o ER:CABELTp UITFD . _SCL2 X |
BETO Esym [0S, B Ot 037
ensity p/ R,
g (fm”)

"YITP'% k@@ (BHEMRLBIES SL— o JHRS, Dec.26-2
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# RMFs have small ambiguity in Esym.
Is it true ?

@ RMF Esym is determined to fit finite nuclears 20|
BE, thus reflects average values in the p <p,

region.

@ Nuclear effective potential (g-matrix)
suggests S-curve behavior of Esym, while
RMF gives Esym almost linear in p .

— RMF may overestimate Esym at high
density.

300

250 | SCL2 -----
200
150 | ol

7100 |
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svm (MeV)
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w"suw 'YUKAWA INSTITUTE FOR
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gt |

3%00
250 ¢

%E-'_ 150 ¢
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e 1000
50
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100}

o0+
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0

02 04 06 08
p (fm™)

Lombardo, DCEN slide
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Symmetry Energy

# [soscalar Giant Monopole Resonance (ISGMR) of Sn isotopes
@ ISGMR in Isotope chain

(">Sn ~ '24Sn) is systematically 2000 T - | ——T]
studied (RCNP experiment). (I)YZHT\&WJQ Sn

@ Resonance E. cc K (nuclei) 2000 - 122
K, ,=K(l+cd")+K,8+0(8") 3 *®] &= = = Tsn-

@ Data suggest that EOS becomes o : —
. £ 2000 — 11:9.SrI .

softer in asym. nuclear matter. E
-"C-" Txww

5 g 2000 - ' ! - Meg, A
K(6)=K+Ksym6 3 d}k |
- . IIIIIII;III

K=240+10 MeV 20004 ' ! o 114Sn -
K n=—550£100MeV -_‘FII;}’H\&LN&UHI_I;'

2000 — tizg T 4
0 - : ===z ¥y
<:> 10 20 30
E (MeV)
GMR T. Li, U. Garg, et al., PRC81('10), 034309.
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RMF AD/NANO2DEBA (1)

s AEF-NARAVES AAA i‘l “i
@ JL—/3—-REY (SU(6)) Xtk
~ DF—DBhIT4T — — >
Glendenning ('81) G, G, ® C (l)
onEgoA/gaN:2/3 N A A
x(DAEgUJA/g(DN:2/3 " ' T ™I
o | oA
— EPERORTUOYILOH 1 T
(U, ~2/3Ux) EXG. SN
cof. 1 XMELEIZEZDE x \~1/3 SN
Brockmann, Weise ('77) Eﬂ 'r, . j‘ ‘« -
o 55 MBEBRAT—, "I LHRITF B N NEES
G ¢) EDFWEERA | J] (TR

4 ﬁﬁfE%EEJ wx%tjljbzl*)l}¥— mla 12 i 4 pisﬂ“ ‘.Iﬁ 7 8 9 10
L \!
L\h‘:jj 'hJ: ) (2 4) Po T/ \’f’\n/i) Hjﬁ J. Schaffner, I. N. Mishustin,
PRC 53('96)1416
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RMF ADNANO>DEA (2)

8 JA—DBNIUT1TIHES &,
UZ ~ UA ~2/3 UN ~-30 MeV

DI,

8 Y N\YAE

=R IS T —5%
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Relativistic EOS of Supernova Matter with Hyperons

a Extention 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)

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

J SU/(3) Extention of RMF (Schaffner, Mishustin, PRC53 (1996), 1416)

¥ !
P = Prree(B, 6,0, Ry, L, 00) —L-'chr}—zc-mim-“%f

= E"-FH (E’ﬁﬂﬁ + gwpth + gpﬂﬁ-?ﬂ e H.;,r-_i-;; = EDHTP'[I}LL) Wi
B

Coupling ~ Quark Number Counting

« g _is tuned to fit Hyperon Potential in Nuclear Matter
U=-30MeV, U=+30MeV, U=-15MeV

(SU(6) breaking in scalar coupling).
* Nuclear Formation is included using Shen EOS table

-m - ?QS
YTP T KX BHFERRLBUESSaL—ay IRS, Dec.26-28, 2011, YITP 28



Neutron Star
Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201

# Hyperon Effect is DRASTIC 0.1 1 ()
2.5 — -
@ Mmax=2.1M_— 1.56 M _ -, ) * ..
= * =
= ¢
@ Composition Y, ~Y_ = 1.5 ._:_':f. e
@ Large fraction of 2 g 1 /- Shen (Nep) - - -
Neutron Star Matter Ishizuka+('08) ' Nl::’vigﬂ m
L TM1 -~ tEeosy | NY(Att.)en —
N T 14 10]5 10]6

Central Density (g/cc)

NN 1 R e c.f. H.Shen+("09)
0 02040608 1 1214 0 02040608 1 1214 16 — n, p, A EOS
Schaffifer+('98) oy (i)
mmy Qs
: YTP +* Kfi@ MBHERRBLEBESS2L— 3V IREER, Dec.26-28, 2011, YITP
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Finite Temperature and Supernova

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201
a Example: T=10 MeV, Ye = 0.4 & Prompt explosion

(without v transport)
— Almost no change
(Expl. E. increase ~ (0.1-0.5 %))

@ A starts to increaseatp~2p ,
becomes significant at p ~3p, .

T=10 MeV, Y=0.4

10" :__I |_I I# _ — 15Msolar
102 -_ E L
ST :.:l 9|
10° 1 g‘,' 8
10" % LF
ll}”I = . % 6 |
ll]-l - p--- E 5 . . , .
210t | B é‘: T 02 04 06 08 1
T L -E[,__+:E[, — Time (sec)
108 k-7 7 NYme | o WW95 + 1 Dim. Hydro.(Sumiyoshi, Yamada)

0 71 an 0.6 08 1 12 14
2 pp (fm™) Low density and High Ye
P 3p, suppresses Hyperons in the Early Stage

TEYITP %22 r s, = N &
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Black Hole Formation (Failed Supernova)

8 “Hot” and “Dense” matter in BH formation process !
@ T ~90 MeV (Nucleon), 70 MeV (w/ Hyperon),p. ~4p,

# v spectrum is sensitive to dense matter EOS
(stiffness, hyperon, quark, ...)

1018

4D I*)l/¥— - 1015 | Y JJ_J___,_-,.--J

il __ T "'_:.:-":-'"'.-h-._f \ E 1 |_| L4 I
# _E 10 |
o —t—t i ; E—

2x10%E ° E 1012 | .
BRI AT £o = % / ; 2 — — —-aP
gﬁ ; 1en f !;J h E I Y
& N L) 1 i L

51

= ] 1011 | - o o
*#ﬁv‘l.r E 1 ' !
o \H' ':g: E ' '
'," [t LS . I3, 1010 I T T T S N T N T R
] 0 0.5 1 | .o
time after bounce [sec] ]% Fﬂﬁ

Sumiyoshi, Ishizuka, AO, Yamada, Suzuki, 2009

Nakazato, Furusawa, Sumiyoshi, AO,
Yamada, Suzuki, ApJ, to appear
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RMF BRI 1RE I THS !

s MEH | HAWNIEFERNBEHELTD RMF
o FF-N\UAUEEIL 2 ARHEZEEHRLEGL,
@ N\YA>®D 1 )L—7F (Hartree) DHEEZTLVD,
@ FEETEH - self-energy D EFEMEBEU SRR TR FREEOIESE R,
s REBT—2-F—REHEHKERLEH T SH5L5IC Lagrangian 525,

@ 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 and|AA|separation energies from hypernuclear data,|2 atomic shiLt,I
Y. and E potential depth from quasi-free production data

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

@ Neutron Star Max. Mass > 1.44 M@.

Not considered in Ishizuka EOS

"Y-TP"“?QS# Kt @ EFERRELBESS2L—2aV IARR, Dec.26-28, 2011, YITP 32
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BRIFELTD RMF

B/A(MeV)

# Fit as many as known observables

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

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

LIg]]TE'l side Heavier side 103 _

1500 SCL3 ' ke
e : 3 |
™ I— -3 — | I ../.
1 = 3 RBHF © = .7 o~
SR S so00 | e e
=100 ¢ SCLa i Z P Vectol
7 TM1 1= M
SCL2 e [ NL1 1 = 0
SCL? ---- = . NL3 — - — 3 kot
r TMland2 . 107 ¢ By Danielewicz et al. E ey
P | = 500 | Yooy, Scalar
T R 0.1 02 03 04 05 06 0.7 08 = S e
10 20 3 40 a0 100 150 200 N {fm—.?nﬁ] ﬁ B S
A B . .
3 . . .
- ' ' —— i 0 02 04 06 08
a_ Syfrom*7,z  SCL3 —— 2.5t 7 I pg (fm™)
# ;_- , -....l.______-_.._ N T T . o
% 15—t : P. Danielewicz et al.,
1+ #/S5CL3 —— 10TSY - : '
/eI T Science298('02)1592.
0.5 ¢ SCLE --o0 NL3 mem R. Brockmann,
! . . . .
. . . . . 0 . o5 ) s ) R. Machleidt,
0 0.05 0.1 0.15 0.2 0.25 0.3 * . 4
a2 o () PRC42('90)1965.
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RMF BRI 1RE I THS !

s [RE ], HANIFBREAREKELTD RMF
o RfRF-NUFUEEIE 2 FEEZBRLAL,
@ N\YA>®D 1 )L—7F (Hartree) DHEEZTLVD,
@ FEETEH - self-energy D EFEMEBEU SRR TR FREEOIESE R,
s REBT—2-F—REHEHKERLEH T SH5L5IC Lagrangian 525,
O @ 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

O @ A and AA separation energies from hypernuclear data, X atomic shift,
Y. 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 > 1.44 M ..
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.

The Judgement Day, Oct. 28, 2010.
TYITP R e >
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1.97+£0.04 M 0 Neutron Star

2.5

2.0

Mass (M)

1.0

0.5

0.0

L
—_ \PQS
i i 4
u =
“m™m = @ YUKAWA INSTITUTE FOR -
ELEN | ‘THEORETICAL PHYSICS VITP Kyoto 2

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).
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S EOS
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7 8 9 10 11 12 13 14 15 MDAD EOS
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K@ TBHFERREMELSaL—av IHEEL, Dec.26-28, 2011, YITP

35



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 e
7 ™1 ---- 7 . TM1 -
Z 05 EOSY(SM) — | % S NLI
EOSY — £ ol 7 NL3
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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Glendenning & Moszkowski (1991)

] TABLE 1. 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,o,0,p/d,c

L

Xa m* =07 it * (=078
= = 0.2 0.131 0.091
@ Givex =g /g andfixx =g /g tofit A 02 0.131 0.0
. 0.4 0.392 0.375
separatlon cnergy. 0.5 0.522 0.517
0.6 0.653 0.568
0.7 0.783 0.800
ﬂ X - 006 —> m*/m=0.7, X =0.653 0.3 0.913 0.942
Y ® 0.9 1.04 1.0%
I 1.17 1.23

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

X

—— 1:
1 3]
_.f"' L]
, E
2 < -
g '_‘,_f'ff *:_":‘
- . E 0.13
@ 4 (07, 300)- o
= |78 3000 b
= (078, 300) @
= ‘ a2
E 154 E 0.014 3
= cC 7 o
1 - -
b5 Ii
4 (=] !
O ;
~(0.78, 240) & . g
1 0.0 I R L AL
[n] L B S O L AL L L L B L D 1 2 3 4 5 ﬁ 7 8 9 10 n 12
L (L R R B B BN R L S R 4 15 18.6 16
0.3 04 05 06 07 08 08 1 “w 1o y 3 r {km)
log (& gfcm?)
W [

o

N.K.Glendenning, S.A.Moszkowski, PRL67('91)2414
mmy Qs
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How can we solve it ?

# No Hyperons, No Kaons — How can it be consistent with YN int ?
(1, in NS ~ 1650 MeV in core in TM1)

s 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, ...

I T 1 | L | L | L | I 0.08 T
i nucleon 7 Proton v, for AGS to SPS Energies
20 - === hyperon 7 0.06 -
—hyp+quark B=100 ] '
— hyp+quark B=Be (P )] 0.04

J 0.02
2 | A
S10F Maxwell ~ .
=10 i E 1 -0.02 |
0.5 :_ _: -0.04
0 P : -0.06 |
D D | IBL|‘|k| (-Jhliblb$| | | | | | | | | | | | | | ] -0'08
' 8 10 12 14 16 E _ (AGeV)
R [km] M.Isse, AO, N.Otuka, P. K.Sahu,
H.-J. Schulze, NFQCD10 Y.Nara, PRC72 ('05)064908
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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)Blgcr(rB()_z_'_gawBO_wuyu—l_gwamu w“]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.

@ c.f. o polarizability in QMC T.Miyatsu, K.Saito, PTP 122 ('10) 1035
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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 coupling violates SU(3)..

V= Z (W) H——me+2gu (WTy),

1{HMY

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

Shift (eV)

# Finite size of baryons would lead to
excluded volume effects — pu — vP
(flavor singlet vector-like effects)

10

10 +

= f f f
- 10-=%9

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

.-13"' 3

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

TOO1(WR) —
< 1000 1 TO11(SR) —
e RBHF o
=
= 500
8 Vector
=]
=%
=
*g 0
>
5
]
= -500 Scalar
% e

0 0.1020.304 05 0.6 0.7 0.8 0.9

PB (fm'3)

500
450

400
350 |

300
250

E/A(MeV)

-50

S (MeV)

200
150 |
100 |
50

Tsubakihara, AO, in prep.

. Symmetric nuclear matter EOS

TO01(WR)

TO11(SR) —
- SCL2 ~——=rm
| SCL3(w/0 n=3 coupling)

-
-
- -
-
-
-
-
4

P
-
o
-~
-~
-
-
o

0 0.2 04 0.6 1 0.8 1 1.2
pg(fm )

| A+l -, TOOI(SU(3)) ——
S from ™47y 601(R=0.8) ——
exp. —f

0 0.05 0.1 015 02 025 03
-2/3
Acore
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RMF with 3BF + SU(S)E“violation 7

# Two 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)

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

> ScLs 23 NS mass
SCL3A -—-— , .
o TO1I.NP —— /" .- 2t .
E 200 | NPAGSU@)) ------ | NPT P TP PT
> NPAR =0.8) ------/ .- -1 815} oot g
§ R= g(DA/g(DN e 7 /.-"
> = 1 / SCL3
Z 100 / SCL3A -—-—-
= 05 | TO11-NP i
I/ A
0 =" , NS matter EOS 0 | . 8
0 02 04 06 08 1 0 0.5 115 2
Py (fm™) pp (fm™)
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D AERT5 %

s Hidden strange meson M4 T
24} sl
° 04,2 w2+ph) EHA N 85

o A MDBIHhZENKRELD ap 25
@ SU(6) BRI REF 9 |
# Vector $EEIZSUG) DEhZEEA

E"‘ 1.8 |
E ]
% . ‘ . ] L4 [
5 . NIRRT . ii
-: | 10 ios " 115 12 25 I.._' B |I
AN ‘o 0 11z 13 & 1S
\ Radius [km]
Weisenborn, Chatterjee,
".] — — ° °
10 2 11 18 18 Schaffner-Bielich ('11)
H | km

) ?QB;_ dnarek, Haensel at al.("11)
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Critical Point Sweep
during Black Hole Formation
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From Supernova Matter EOS to Phase Diagram

# Supernova matter EOS

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

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

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

# Does quark matter exist in compact stars ?

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

@ Probable 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

@ How 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

8 We compare (T, u, ) during BH formation
and QCD phase transition boundary by using

@ v 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.
@ Chiral 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.

and discuss how quark matter is formed !
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Chiral Effective Models

a NJL, PNJL, PQM., ...
= Quark models with chiral symmetric interaction

qu[iy”&—g(,((r-l—iys'r-Tt)]q-l—%a”aéua-l—%@”n-@un—UU(G,W)—U(D(CI),CT))
chiral Polyakov

q-Pol. quark-meson
Fu=QIV=U,(0,m=0)+Us(®,P)+F ot Uyec(0, P, P)

particle exc. q zero point (PQM)
@ Spontaneous breaking & restoration of chiral symmetry
@ Polyakov loop extension — Deconf. transitions /Cl'OSS Over
@ Phase diagram with critical point (CP) e !"-u-...,% CP-
< 015 - | -
8 .| 1storder !
chiral
0.05 - quarkyonic =:=:=- .
deconf. severee
CEP o
.D | | | | | | [ |

0 005 01 015 02 025 03 035
L [GeV]

McLerran, Redlich, Sasaki ('09)
mmy Qs
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OCD phase diagram in Asymmetric Matter

# Characteristic features of Compact Star Matter

@ Hot and/or Dense

@ Unbalanced n and p yields (Isospin Asymmetric Matter)
Isospin chemical potential op = (1 — M, V2=(pg—n,)2>0
# Tcp (critical point T) decreases at finite op

@ Decrease of effective number of flavors

e i, T

— T e e
s tay Tm,

15[] i t:']lﬁ SBC oo | H‘E:}:E::‘ffsssh‘
- .0 ----- | 3 SSSSSSISSSS
X - SEISSSISS
= t \ 1.344 ISISSSISS
=100 — TUSSSIONS
=] T - RSOSSN
=== T(Me e
= =~ 60 = AR
v 5l | i \hx\:‘x:‘xxxx 0
i ".“ vy ".1 20
i \xlll"h\ 4“" MeV
0 L1 oo MY
l e
— - B0
0 5 10 15 20 550 W{Fﬁ{mﬂm— 100
UpgtieV
R (km) Ueda et al, in preparation

AQO, Ueda, Nakano, Ruggieri, Sumiyoshi ('11)
mmy™ Qs
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How is quark matter formed during BH formation ?

s Highest p, ~1300 MeV > p  (1000-1100 MeV in eff. models)
— Quark matter is formed before BH formation

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

s Convenient to consider 3D phase diagram (T, p_, op)

POM 5,-0.70 MeV (r=0)

\a_ 0u=0,70 MeV
LN (r=0.2)

100

20 | t=0.5 s "y

0 P
800 /9{][1
surface

1000 1100 up(MeV) 1200
ug (MeV)
1.344 s = Just before BH formation
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Swept Region of Phase Diagram during BH formation

# CP location
in Symmetric Matter

@ Lattice QCD
1.,=(400-900) MeV

@ Effecitve models
uCP=(700-1050) MeV

# CP in Asymmetric Matter
(E.g. ou=50 MeV)

@ T, decreases at finite op.

5u=50 MeV in Asym., g /g =0.2
200 HIC BH: Shen EOS, 40 M, |
o, LTE FK02
S 150 | ~ % B can.
¥ O]
E o E PNJLE
<100 | o)
= CPLat) @ °
50 CP(models) ©
Stat. -
0 CP(Asym.) = | .
0 300 600 900 1200
ug (MeV)

— Accessible (T, p,) 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 ?

# Large density fluctuation is expected around CP.

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

A

4>

T f CP sweep

W

]
-

\T,

.

What kind of signal do we expect ? I would like to have your idea ....

|
- YITP 9%
[ >
1‘- -m 'YUKAWA INSTITUTE FOR - v,
o "B E THEORETICALPHYSICS VITP Kyoto 2
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Summary

8 AVNIMREBRRIIFEFRZEPEE(CES>THERBKRRIVTR,
o BEAMAVEETENMUIVEZENEDOYE. HERDRE
o REFERX (FEABER) OERBFRAEYRBROEELT—V

s EFBER - NAN—RICBTEIREDER

o RMIRILFT—DEEERFIENREYDDHS (ps <po)

o Bt —/3—SUB) RMF #@MREHI TS,
(BMEDRD L DRTUIUYIL, 1.9TM_FHEFE)

— BN, n ORREBAL RMF [CETKREBAERXA !

o hiEFEIT, TSVIF—ILER, PiEFESEBETEIA—I0
BE~DOHEGBEECLTLSAREENS+2H 5,

s SERORME ZER-21R-E

2 5 |

o (EFEE)BEMHEOE-REHE o pHEFEFHZOMEE,
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FEDFFATE — Astro-H
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Thank you for your attention !

# Collaborators
K. Sumiyoshi, S. Yamada, H. Suzuki, K. Nakazato, C. Ishizuka,

K. Tsubakihara (Hokkaido U.),
H. Ueda, T.Z.Nakano (Kyoto), M. Ruggieri (YITP — Catania),

s flihf=-hof=-Ahohizh-1-5EE
o fAMNFEELITTOD/AR4A, NSE | L&, #HHESHEEEGRS. ...
@ Nuclear Matter on the Lattice ~NOMYIHA ( FEHFEHEF QCD)

a L XX ]
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