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

@ Many new forms of matter have been proposed !

s BE

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

@ Important site of nucleosynthesis
s TS5 R—IVERiBIE

@ Hot (T ~70 MeV), dense (~ 5 p0), dynamical, non-eq. v
s BH-BH, NS-BH, NS-NS M& — H{EHE*IH

Nuclear matter at various densities and temperatures
is realized in nature !
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Neutron Stars

s BEEREDEIIEDOISLGIKEMN?
o HFOBRERE ¢S, P)
o n B, K&, QGP . h5—E{=E. Quarkyonic ¥H. ...

° NROVESR
Tsuruta, Cameron (66); Langer, Rosen (70) quarkhybrid traditional neutron star
star

Pandharipande (71); Itoh(75); |:|:| ll‘i? . B%? .
Glendenning; Weber, Weigel; . S TN
Sugahara, Toki; Schaffner, Mishustin; 97-'- OME i . ? =1 71—‘/
Balberg, Gal; Baldo et al.;Vidana et al.; h;ﬁe'”" =
Nishizaki,Yamamoto, Takatsuka; pion condensate

Kohno,Fujiwara et al.; Sahu,AO; naARAY
Ishizuka, AO, Tsubakihara, ;E% . AEHE

Sumiyoshi, Yamada; ... =
el < |10° gem ®
— Nobody says Srange cuar ma m"g:nm 3
“Hyperons do not appear oo les ! [

in Neutron Stars !

P~ Stosphere

KRR #e

nucleon star

strange star -
AL D94 —T _
% B HE . R~ 10km

\PQS F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193
A
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Numerical Simulation of Supernova Explosion

# vradiation hydrodynamics WETT T T L e

@ Baryons, Electons, Photons (Hydro)

. [kim]

+ neutrinos (Boltzmann)

@ 1-dim. (Spherical Sym.)
— Exact v transport leads

to failed supernova explosion failure.
( Sumiyoshi et al., 2005)

[ki]

Tk [']

@ 2-dim. Hydrodynamics — merginal R. Buras, M. Rampp, H.-Th. Janka
( Janka et al., 2002) K. Kifonidis, PRL90(03)241101
I[].1u==;”'l""I""l""I"''l""l""l""l"''l""I """

radius [km]

K. Sumiyoshi, S. Yamada, H. Suzuki, H. Shen, | :
S. Chiba,H. Toki, ApJ629(05)922 A, S p—— s TS i

time [sec]
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Numerical Simulation of Supernova Explosion

# Recent developments (approximate v transport)
@ Light progenitor (8-10 Msun)
— Successful explosion with simultaneous calc. of nucleosynthesis

@ Heavy progenitor (15 Msun)
— Standing accretion shock instability (SASI) causes late expl.

There are some successful examples, but not conclusive yet. I
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P taura, Janka, Hillebrandt, 2006 Marek, Janka, 2008
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Black Hole Formation (Failed Supernova)

# “Hot” rather than “Dense” in BH formation process !
T ~70 MeV (~1/3 of QCD phase transition T.)

Fe core Collapse

p~10'? g/em?
T,~1 MeV
/ Y ~0.46
..,.-—
VW
11:' B 1 1 1 1 I 1 I I I i
q N p [10" g/em’] 3
6F .
i :
2F =
0 i R T BT T *-:
0 10 20
radis [km]
A\ V4
*\qas &

o
=

S

=

[
=

=

) Core Bounce fv v-trapping
p.~3x101 plem? p~10" glem?
T_~10 MeV T2 MeV
Y.~03 /

o

Exgiasrrm

/‘ . /" p~6x10" glem?
s, A T ~10 MeV

crrr e P rdlr e e

Shockwave
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Sumiyoshi, Ishizuka, AO, Yamada, Suzuki, 2009
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Nuclear Matter Phase Diagram

I Early Universel

*
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.
R
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H formation
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©
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+ [ Black Hole]
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IAUINORKBEBERICHNSEZ IR BT

s BRERAENT =v MREZMYANHERE
o FEIRT—IL ~ 100 msec =v LIAH LB - (L1
o REBHEX: &F.BF.XEF.RF& . NMROV, 7, K, V4—7. ..
@ XA ER (Boltzmann) : v-A BMEIE. e 83
s REBHEN - FREEDR. GOFE- Yp £EH. 2
o T—REEHEH (LQCD, GFMC, Variational, DBHF, G-matrix)
— BAMMEDOBHAICERREN 3 BNEENLE (EFSA)
@ Lattimer-Swesty (LS) EOS (J. M. Lattimer, F.D. Swesty, NPA535('91)331)
*—HME - AXILLAD(BEKEFEOLUDH) TOEHIE
* E—HRUR > ERERERE

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

* —#RYE — Relativistic Mean Field (RMF, TM1)
* JE—HRZIER — Thomas-Fermi Tl +BRETEHIREMY AN o
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IAUINORKBEBERICHNSEZ IR BT

s BFERBHE =v BEZZRYAN-REER
o FEIRT—IL ~ 100 msec =v LIAH LB - (L1
o KBAFEN: &F.BF.AF. RFR&. NMROV, 1, K, 74—7. ..
@ XA ER (Boltzmann) : v-A BMEIE. e 83

s RBAER - AREREMNR, EWOEE- Yp &, 2

o F—[FHEFHE (LQCD, GFMC, Variational, DBHF, G-matrix)
— ﬁﬂ*ﬂﬂ@aﬁﬁkﬂﬁ%’ﬁﬂ’] 3 ﬁijﬁé«‘: A ‘E(@ﬁé/\/)

¥ T i ’ U 3
Lu {rjﬂu 'md [L-."::]U-_ ThE- UIX model of Fj;; contains
two at;atn: terms; the two-pion exchange Fujita-Mivazawa in-
teraction. F;r. and a p]:lEﬂDﬂlEﬂDlDEiE’ll intermediate range

repulsion V5. The strength of the P’ ik mteraction was de-

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

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




BB SH = RETT X DEHS FER

s FEmAWL?
o BR-EEEDENTEEHRREITHESATINS - HIEBRBRENAZSL?
°* MEDHEEERIEL? - RFZ-/\FAY-U4+—) D3RR D EE
s BER
o HEEA
> EEMRBE, AHIRILX—OFEKEFY — Unknown
* BMERO/N\ROY -RTFoovIL
P DA—VMEANDHEBOMERIT?
o {EFEA

> YMBEDBRALIFIL ? Fermi gas ? Nuclei ? Pasta ?
* TRFERBADHIE—FRPEIZRAL—RITDEEEOS (5L,

= EA-EREAORYEAIDONT,
BEARRALSBMBELET

—
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BEEZYEDREGTE=

s IERCRLF
o BEBRKF. n. K. /N\AIROV, I4+—5. O+, ..
s JEEME (K) :RE->TLVEL
® GMR (RFROEMBIES) ) — K=210+30 MeV (FEHEF RO TIIR)

@ BRI
— EX¥IFZOEBEERFEICLYTIO0—D K EKFELIIRISHS
(Sahu, Cassing, Mosel, AO, 2000; Danielewicz et al., 2002; Isse, AO, Otuka,
Sahu, Nara, 2005)

s HAMIRILF—DEEREFE: FHo>TLVEND
@ FPEEZFEEDHFZANTETHTEREE (Oyamatsu, lida, 2007)
s BPMEDPDONRFOY - RTIOvIL EATLS
@ NMMAAY U.(p,) =-30 MeV, U p,)=+(15-90) MeV, U_(p,) ~-15 MeV

@ pionic atom — U (2p,, Yp~0.2) >+ 50 MeV
(AO, Jido, Sekihara, Tshubakihara)

. 9F—VPE~NDHEBOEEHIE ? E—HEFH ? (ALLSA)
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2 Potential in Nuclear Matter

Maekawa, Tsubakihara, AO, EPJA 33(2007),269.

2
d o Harada, Hirabayashi, NPA744('04),323.
dE, dQ, Kohno, Fujiwara, Kawai, et al. PTP112('04)895
S 2
28y - !
= Si(m” K") | UJfp,) ~+15 MeV —i 10 MeV
E 1.5 P=1.2[l{GeWc},E{deg.3 .+H"H}{ i . .
= WS o S with Woods-Saxon potential,
= DD-A --- * . .
=Y A y h
o p no Atomic shift fit
= 4
= 0.5 | & ’
E J ;
“ 0 L %“/DOF in QF Z prod. (WS Pot.)
50 0 50 100 150 200 YT :/ R
By (MeV) U AR \
;}'«'-J —2{] i | | Il v Il II III
E (MeV) = | s I
+ = = —3-{] i || I|I II'I.II ,ll I|
K = 10 L \\j | | '.
- [ lII | | ',I .
" ‘ |\ x*/DOF£2.5,10.20,50
- —_— 20 0 20 40 60 80 100 120
n V, (MeV)
Ll
89S p y- @ | 2 feels repulsive potential in nuclei
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Relativistic EOS of Supernova Matter with Hyperons

s 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)

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

¥ ]
-f — E."W-E‘LH-H-W_LL-H_LL . ':l'{l:’_l-l- } = ll'ﬁll.cr} T I.I:'ml:m!l

~) Vs (Eaﬁ!r:r +2wpth +gppR -Tp + 8BS ~ EL“HT%“) g
B

wy )

Coupling ~ Quark Number Counting

« g _ is tuned to fit Hyperon Potential in Nuclear Matter
=—30MeV, U=+30MeV, U_=-15 MeV
* Nuclear Formation is included using Shen EOS table

Ohnishi, Bridge 09, 2009/06/24 14 /24



Neutron Star

Ishizuka, AO, Tsubakihara, Sumiyoshi, Kama%l.taﬂl@ys G35(08),085201
8 Hyperon Effect is DRASTIC

@ Mmax=2.1 Msun — 1.56 Msun

@ Composition Y, ~Y_

@ Large fraction of =

# Thermal (free) pions can admix

1016

atp>1.50p,
0.1 1 fm™>
25 . (fm ™)
= 2
%
2 15 |
g 1 - Shen (Nep) - - -
72 NYey —
Z 0-5 i NYTCE“, ......
0 NY(Att.)en —
101 1015
Central Density (g/cc)
Qs
HF

YITP Kyoto

Sllen [Neu} I

0 02040608 1 1.214
Mg (fm)

1 Shen

1 Schaffner
1 -Mishustin
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Finite Temperature and Supernova

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201
# 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
S BESE 15 M

10" E—4- — solar
102 | E 10 npe —
2| e
10° 1 g‘,' 8 B -~
10® % I
lli_- - — :t%'u 6
10 ’ p--- o 5 . ' : .
Zott | Ao 02 04 06 038 1
1076 | = - ! '-zu.él-: o Time (sec)
108 k-7 7 NYme | oo WW95 + 1 Dim. Hydro.(Sumiyoshi, Yamada)
0 711}} 0608 1 1214
) py (fm ™) Low density and High Ye
cas Py 3p, suppresses Hyperons in the Early Stage
AN
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Where do we see Hyperons ?

s Hyperon Fraction is sensitive to Ye, T, and p_..

@ Yv~0 (Neutron Star) — p_.>2p,
@ Ye ~ 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)

4 05
Prompt Expl. (15 Msun)

17 /24

YITP Kyoto I30
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Black Hole Formation (Failed Supernova)

# High T during BH formation
— Abundant hyperons — Soft EOS — Earlier Collapse to BH

Short v emission may be the signal of Hyperon Admixture
at high density and/or temperature

0
].I:I' E '_ ] | T T ﬂ-l = ;
BIFLb B T =
0k A . g
- — = —H..___ux :
L e N
107 = o ah L
- - a 7
107 ' E
P AN ST 1 3 |

0 10 20 0.0 05 1.0 15
Eﬁﬁ Iﬂdi'l.l& []!ml] ime after bounce [sec) H%Fﬂﬁ
(P08 Sumiyoshi, Ishizuka, AO, Yamada, Suzuki, 2009
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Can we detect Quark Matter ?

# Supernova EOS with Quark-Hadron Coexistence

@ Quark matter=Bag model, Hadronic matter= RMF with free pions

— Earlier Collapse to Black Hole (Nakazato, Sumiyoshi, Yamada, 2008)

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

— 3 — o \ I I —IE Neutrini_lu
a Mw QCD *Eiﬁ@%% ﬁﬁéh g' ' |- — & Antineutrino
HF L Gl 2 |
a1} 52, = } \ ,
L L I L (L TIr T = 3 DE B b i I
| I I I E E | \1:-.'—;' m—— E-\-:-J-hﬂ?-':kh‘_-..— e
|__.1 y — _ D i : T
P 3 ] —wft Meutring
=T ] 3 5L - - -wfi Antineutring
= ﬂﬂ
3 = |
. '? |
i 505 l
T T e N
— EI — I -
] | |—& Neutrino
H"'ﬁ E z 01 - — e Antineutrino ||
325_ A= -t Meutrinos |
- 5 |
2 201 I| - i -
o fe o~ f -
; 1{}]” |||||||||| | I | i E 15_ 1 e _--'-..'.;_.-I;-'_ _'-’_ R —
O 0.5 1 1.5 2 0 100 200 300 400 J,.\ =
. - . 0 e, . . .
baryon number density [ fm—? ] time [ ms ] S o1 02 03 Y

Time After Bounce [s]
4\? as wE Nakazato, Sumiyoshi, Yamada B Sagert et al., 2009
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BEEEZYEDRKETE

s %1 [AEMBEER (Liquid-Gas) = 1 R1BE#
E.g. J. Pochodzalla et al. (ALADIN Collab.), PRL 75 ( ’95)1 040

—p, HTOBREMEE—HTHL
"o, 0" p,n, o, ACRFHE)” > —HME

s LS EOS, Shen EOS : &R 1 FED R F#% :
o [E#E1%&E (LS EOS) . Thomas-Fermi (Shen EOS, IOTSY E|

— RFROBMSTARYANDSN T !
(BFHE. vA RIGE, TRE/M) SN Mater|

> |
s ﬁ?*ﬁﬁﬁ'l-;!'& 104 \\\ T —sE 1— -
(NSE; Nuclear Statistical Equilibrium) 0 B vt T F
Ishizuka, AO, Sumlyosht, 2003, Blinnikov et al., 2009; =~ 10° S| RMF(unif. .
Botvina et al. 2009, . = 102 \\. -
. £ —gMav G 10 7
@ p, UTTOEOS (¥ Shen EOS EIFFRAL & 10 ko S e o
N ] LT
o RBEFHHL—HEMEICIZ 10 S e
EA (or F) MBoMMMDEMSLELY, 107"

10% 10® 10* 1072
%)

i /\Z’;‘lm Baryon Density (fm”
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IR B F1%

s MMFBEDDLT TR, FRERIOKRFEAENIS
Sphere — Rod — Plate — Hole — Bubble

F=(1_X)F(pBL’YpL)+XF(pBG’YpG)+VSC(Apc’u)

a
Vsc=I;urf +BCoulombR2=C(Apc)2/3 Dsc(u)/pB

F:FreeE./ A X : Gas nucleon fraction
Vc:Surface + Coulomb E/ A u:Liquid Volume fraction

| s Sphere
_ 1 0.25 | Rod
? {/ Plate
M\ 5 0.20 | — Hole
T AR Y~ % 015 |
a

.--"f.-..

| 0.10 |
N 0.05

0.00 © : -
NS | 0 02 04 06 08 1

(e)

O;amatsu et al., 1984 Tatsumi, Maruyama, Muto, Yasutake .... Kaonic / Quark pasta
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ZFELIVIEZFE EOS = NSE+Pasta+RMF ?

s NNR3+—BME
* EZETORFEOBMSMAALLELD
o BIRROEIZERHZEWEBLDEAFYYTHY
s NSE +/\R32+—YE
Very Preliminary !
o X EMETILFESH - :::3 :Pai-ii'lfﬂ -
o FEXMMETIE E o

10" |

Very preliminary....

EEORIFLATIEL 5 10° )
(Physics or Technical ?) E

: Il]'“‘ :

p (fm™) pp (fm™)
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EEDICHZT

o AVIN)PRERR T, HRRAGZERE - BEORMENRIZIFEHRET
Eoh TS, ZMBICESTERELGFYLUOOTHS,

8 “The EOS” DEBED-HDTERE

o —HERYMEDEOS — [ZAIDSDIESE How ?
° BR-EREDE
» IS5 OR— VBB ETIEEER
» T EFETIERE
* E—RG K BB, 7+r— OB FEHYS55 | (EBk., F)
— NARAY, FEF, VA—OHDNEETEZSHIEA How?
o EEEMEHE

> RFEHETSM (NSE) ho—HYMBICBOMMDIENDEHIE?
NSE + /SRA +RMF ? , REBAHBKRDNRZIDEF(RR2-TSX)?

- ?1‘2—1‘—'5"5‘0)'50)52?%75‘% R Tl D,

# Ohnishi, Bridge 09, 2009/06/24 24 24
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Thank You for Your Attention !
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