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Introduction
Recent developments in EOS studies
Dense matter EOS with Hyperons

Summary

K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206.
C. Ishizuka, AO, K. Tsubakihara, K. Sumiyoshi, S. Yamada, JPG35('08)085201.
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Nakano, Miura, AO, PTP123('10)825.
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OCD Phase diagram and Nuclear Matter EOS

s Phase diagram and EOS
= Two important aspects of Nuclear Matter

# Dense nuclear matter has rich physics
— Many-body theory, Exotic compositions, CEP,

Astrophysical applications, ...
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= Subjects in Nuclear, Quark-Hadron, Particle, Astro,

and Condensed Matter Physics !
Ohnishi @ Monthly Colloquium, Nishina Center, RIKEN, July 20, 2010
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EOS and Related Physics
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Recent Developments in EOS Studies

# Ab initio Approaches
@ Lattice QCD approaches
@ Ab initio calculation from bare nuclear force
s Experimental / Observational developments
@ Collective flow in heavy-ion collisions
@ Symmetry energy
@ X ray measurements
# Applications
@ Neutron star matter EOS

@ Dense matter EOS and black hole formation

-" Y TP Ohnishi @ Monthly Colloquium, Nishina Center, RIKEN, July 20, 2010
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Lattice QCD

8 Monte-Carlo simulation of Lattice QCD
= First principle & exact method at u=0

@ “Physical point” (im =154 MeV 1 . . . . . :
Y P ( § ) 16 ESB/T4

results of EOS are now available. mg=0.1mg =

s T = (160-190) MeV T S, - g
Rapid g, slow P growth at T_ =T 0.05 g ¥ E i
: L 10 | f' )
@ Slow conversion to SB limit.
8 | om

# Finite p — Sign problem !

@ Configuration weight
(= Fermion det.) can be negative.
— Important sampling
is not possible.

6
4 .
2

T [MeV]
0 | 1

@ New idea/ApprOXimation 140 160 180 200 220 240 260

/ Eff. models are necessary. M. Chen et al. (HotQCD), PRD81("10),054504
Nf=2+1, P4, Nt=8
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Helium Nucleus on the Lattice

s Put sources on the lattice, and observe at late times.

@ No sign problem, but calculation cost is big.
E.g. Wick contraction=(N !)x (N 1I)

@ Calc. cost is reduced by using _
Symmetry + other techniques

s Simulation of He nuclei '0'015
0.02f
@ Quench, heavy quarks 003
m_=0.8 GeV, m =1.62 GeV |
n 0.04F 1
@ It is not yet realistic, 0.05F 1
but B.E. =27.7 MeV -0.065 i
Accident ? O e T Te05  6e-05  Re-05
or Staring point of VL

AEp. = 27.7(7.8)(5.5) MeV

Nuclei on the Lattice ?
— Stay tuned !

T. Yamazaki, Y. Kuramashi, A. Ukawa,
PRD81('10),111504(R).
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Nuclear force on the Lattice

# BS wave function — Lattice NN Pot.

@ Starting from wall source,
and measure Bethe-Salpeter ampl.

@ By using Schrodinger-type Eq.,
NN potential is obtained.

# Lot of achievements !

@ One pion exchange potential tail. 1000 | 150 - e Aeeennnassanet
@ Repulsive core from quark 100 b :ﬁiii ey |
Pauli principle. = o Y ]
% g 50 | "“'_t .
@ YN potential, MB potential, ... sco| .° : ‘?{‘i :
= B S ¢ W -0 R A o
# Needs further studies for EOS = L o L
L & "'_ -50 I A ' | 1 1 ra a1l
S. Aoki, T. Hatsuda, N. Ishii, PTP 123('10)89 . _% 0.0 0.5 1.0 1.5 2.0 |
Ishii, Aoki, Hatsuda, PRL 99 ('07) 022001 0 bt B B8]
Nemura et al, arXiv:1005.5352 [hep-lat] T —
H. Nemura, Ishii, Aoki, Hatsuda, PLB673('09)136. °° 0.5 1.0 o L5 2-0
r [fm
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Nuclear Matter on the Lattice at Strong Coupling

# Sign problem is suppressed in Strong Coupling Lattice QCD

@ Integrate link variables first at a fixed order of 1/g?,
and evaluate the partition func. in the mean field approx. or MC.

@ NNLO SC-LQCD — Nuclear matter can appear !
T.Z. Nakano, K. Miura, AO, PTP123('10)825.
With a”' = 500 MeV, p_ and E/B is in the nuclear physics order

Bilic, Demeterfi, Petersson ('92)

@ 1st order transition at p_=0.4 fm-!. NNLO SC-LQCD (B=2N Jg’=6)
50 — -—
@ No saturation 40 |
i i _ 30 —w
@ Another approach: MDP simulation > "
P. de Forcrand, M. Fromm, e 0! .
PRL104('10)112005. 2,

NNLO —— |

; :

= .
? el R X — I -10 | %a u FP = |
S hand ﬁ L @ Iﬁ 20 bl SCL3-RMF ---
5 et '\j- (? l_-,.. Y . H - ! % - L | A A L L
MM v

W pB (fm'3)

f MMMM Vo ) Fzﬁb MMMM MMMMMM VIV MM VIVEMM 0 0-1 0-2 0-3 0-4 0-5 0-6 0-7 0-8
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Ab Initio Calculations

# Chiral EFT + RG evolution to low momenta

E. Epelbaum, H.-W. Hammer, U.-G. Meifiner, RMP81('09)1773.
S. K. Bogner, T.T.S.Kuo and A. Schwenk, PRep386('03) 1.

@ N3LO NN + NNLO 3N force T T T T [ T T T T [ T T T T [T
5o L BN ., ., .7y te, uncertainties
@ 3N force — p dep. NN force 20 = schwenk+Pethick [1]
; i Akmal et al. [34]
# Neutron matter results 2 | OMC s-wave [2]
. ) s »w = IS = o GFMC v6 [33] g
@ Consistent with other “rigorous s f GFMC v8' [33] :
results such as APR >k i
A.Akmal, V.R.Pandharipande, £ 10 i
D.G.Ravenhall, PRC58('98)1804. Qj | ~ / i
— Understanding of the origin E sk 4”7 N
of phen. 3-body repl. in APR. I i
# Related work: QMC on the lattice s
T. Abe, R. Seki, PRC79('09)054002. 0 0.05 0.10 0.15

p [fm™]
K. Hebeler, A. Schwenk, arXiv:0911.0483
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Heavy-Ion Collisions and Nuclear Matter Stiffness

# High-energy heavy-ion collisions

— Hot and dense nuclear matter — EOS of dense matter

@ Systematic analyses of side- and elliptic-flow in 2-10 A GeV HIC
give constraints on nuclear matter pressure at high density !

@ Ambiguities: mom. dep. int., pot. for Res. and mesons, ....

symmetric matter
100 }
) :
..E C
>
o [ 7 ST et
SNy
o
10 :' IIIII Ferml gas —:
[ — = Boguta
== Akmal ]
K=210 MeV 1
K:SDO MeV 1
1 L . e experiment

p/p
P. Danielewicz, R. Laccéy, W. G. Lynch,

1 122835 4 45 5

Science 298(2002), 1592.

00e
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_ o |
. ‘/‘7 — FC— .
." p
'/
7, -
z',’ s
¥/ »
'L 4
,{ cs
MS(N)
i S - By e
1 10 oo
6., (AGeV)

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

a»

# Two of recent data suggest that EOS becom Mo, s e — Xisgysiiag, — Xigs

f‘l’.’:u:;"_:u:;" — f‘l':::::;"_::::;"

asymmetric nuclear matter. B

(s18)

K Ksym + K 5 Kasy ~ 550 MGV 1 MDiI interlaction ,2
Esym231.6<p/p0)105 E:sro-; ./‘/.’ y
@ Jsoscalar Giant Monopole Resonance ,%40 ST

(ISGMR) of Sn isotopes ('*Sn ~ '**Sn) : B _\1
@ Isospin diffusion in HIC | | |

00 05 10 15 20

@ Related: n-rich nucl rad ( Kohama et ah olp,
]_ 1 1 1 1
2000 7 ' ' L - 1.5 - | - . -
(ﬁ"‘mx, TSn 1 ] ¢ * ] ] Lee. | ™sn+""sn 5 :11=D1|
2000-2%;;225”' B ; & . ] 10 leg -4_,- =N . A SBKD |
I e L | St = = “plp, (MDI)
3 2000 250 1 o 167 ] ; i . 1 =+« plp, (SBKD)
y i - / U
T o T T e 2 * r . * O N L,
= sn = i T 3 i ' | # MSU data
g’ 2000 y T = 1116:;;'1_ ;_ 5 0.0 _,
& - 1 = —
- : . IExasiagsi3 | ['l_h!lh_".'.-."-.k
T SN Ten ] . P ewic o 5 ,_ 100 150
L - 1v Tomie t t (fmic)
2000 ' [ & Vretemar
1 o Seccieemnn... ] THE I.|I.I.|1|.'I 5 B .
S 2 14 16 18 120 12 1M L. W.Chen, C.MKO, B.A.Ll,
E, (MeV) A
; PRLY94('05),032701.

T. Li, U. Garg, et al., PRC81('10), 034309.
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X-ray measurements of Neutron Stars

# Neutron star mass (M)-radius (R) curve uniquely(*) determines
NS matter EOS.

@ Radius measurement: R, R 1
flux + temperature — apparent radius D D \/1 —2GM | R’

@ Eddington flux would give another info.

x10°

@ Bayesian TOYV inversion — EOS 220
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# Bayesian TOV conversion 22 ' gyt

: 3 . Blicteemey
(Lattimer, Brown, ...) 8| Lo BHcieNeY T
- L B¥*-185 MaV

e [
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] &%éh@ﬂ)‘.‘/ IN 0 I'H ;‘-.__ﬁ |

“ -1'I15|.l"

0.4 F ~ — ]
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(Sagert, Pagliara; A .
Schaffner-Bielich) Sagert, Pagllara

10k s al B
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@ Small B : ﬁ | ..

== ] (E

| ] ENn] B -
I: = L - "
— Larger NS Mass ; . ; _ 15 e
- F i 11 3 T i - 141K
r i} P —
= | 1200
= wtE = -
E - (e 0]
- —anoo0 = | B -
10 - e
E —{ 10000 y 4000
] I'|. a0
AT TTI TR TSR ER AR I PR AR RRURIANRTH FRUTINRET - PO I I N TR T TN NN T W N T TN el (0 T N N IO N
Ww™=7"2 3 4 5 & 7 & % W 3 E T |
(fm—") M (k)

. Lattimer, Brown, et al.
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- RX J1856-3754 By Lattimer

Walter & Lattimer (200.2]
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Tolman-Oppenheimer-Volkoff (TOV) equation

# TOV Eq. = General Relativistic Balance of pressure and gravity

__— P(r+dr)
G (e(r)/c2dr ) M(r)/ r?

s G(g /c? + P/c2)(M + 4nr3P/c?)

r2(1 — QGﬂI/-}”cg)

dM . / 9 daF dalf de

—— =Adnree/c” . =

dr 4 . gl de dr
5 aF _

P=P), —— == (EOS

Neutron Star Mass = M(R) where P(R)=0

‘ When you make a new EOS, please check the NS mass ! I
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Black Hole Formation (Failed Supernova)

, Supernova v
Fe core Collapse ) Core Bounce fv Vv-trapping .r . -"f_ /‘ Lfﬂﬁﬂf .
p~101? g/em? p~3x10' g/em? p~10'? g/em? / s, / p.~6x10" g/em
To~1 MeV T ~10 MeV T ~2 MeV ‘A T ~10 MeV

Y, ~0.46

=

1000 km | Shockwave 10km E-{;]h:ﬁ
50—
At bounce, S00 ms 680 ms (at BH form.) =
10— . 80 ———r——— 0.5 1 "
R 14 B ] B i S
s p[].{]' g,r:m}]__ - T[MEY] 1ok Y, ;
ﬁf— — {03f :
. - | — C 21_1[}53-_ [ [ ]
o - 102k I Luminosity
Qf_ _f :1]_15_ -i: 1_ = c:----;a,l;*’*F‘"’J"" _
{]: 1 . .D_ T R R | II“‘--I“-I-"I": {]{}: T N TR N N B :
0 20 0 10 200 10 2 : _
radius [km] radius [km] radius [km] 0 s T 1o T s
time after bounce [sec) time
Sumiyoshi, Ishizuka, AO, Yamada, Suzuki, 2009

-" YTP Ohnishi @ Monthly Colloquium, Nishina Center, RIKEN, July 20, 2010 16

nnnnnnnnnnnnnnn



Black Hole Formation

s Black Hole Formation: (p,, T, Y )~ (4 p,, 70 MeV, 0.2)

— Hyperon fraction ~ 10 %
(K. Sumiyoshi, C. Ishizuka, AO, S. Yamada, H. Suzuki, ApJ690(09)L43)

EOSY, YC=0_4 1{}':' § l . i = i — E
100 W . . . - z
a1 — -
3 ~. P =
80 10 = A T - 3
P = . . » - T _,__.."'x: N
Z 60 Lo yB=10%|  10°F =N o o
= AT = 3w PR _ =
2 BH ~, h‘uﬁﬁ - -l_,-“:.f.' J hul-. .I I'. ) ¢ -
= 40 10° = :'é::_ N E
'''''' = o ay 3
2 ; -L :
! 107 £ o | ~.| =
0 ' . SN 0.1 %:: EE ARy =
i L ) .'E_ ! I |I I|' { | -

0.1 0.2 0.3 0.4 0.5 -5 N S BT T

’ 0 (fm™) 107, 10 20

Hyperons are abundantly formed during BH formation !
— EOS softening, Early collapse, Short v duration
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Recent experiments / observations
provides rich information of EOS

in2D (p,, Yp) or 3D (p,, Yp, 7).

How can we use it to obtain “THE” EOS ?

Here “THE” means “The”,
and “Tri-Hierarchical EOS”
(Ouark-Hadron-Nuclear)

Ohnishi @ Monthly Colloquium, Nishina Center, RIKEN, July 20, 2010



Dense Nuclear Matter EOS
with Hyperon Admixture

-~ Y'TP  Ohnishi @ Monthly Colloquium, Nishina Center, RIKEN, July 20, 2010 19
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EEEEDHDIIN >HR

quark-hybrid traditional neutron star

hF-BF-BF -Sa—FA

hyperon

ar neutron star with

pion condensats

n H [ F e

AL o= M
N = 7aS
Ba -- ;
o} N FE
| perconducting | ] &
ac’:]]'aqn;zuquarh rr'nal‘rterEil i T 10 9"“'"3
{u,d,= quarks) 11 3
(10" giem
25C :
CFL 14 q
CSL CFL_H+ F. -~ | 10 gl'l:'m
ot cmx® s
LOFF Z Y
cFL-n? e
s eSS
nucleon star

FANIIDZEE B ——

1

F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193

[thitFE |IORE > FFERICAIL U ORRZZET !
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Theories/Models for Nuclear Matter EOS

# Ab initio Approaches to Nuclear Matter
— LQCD, Variatonal, GFMC, BHF(G-Matrix), DBHF, ...

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

@ Variatioal, BHF: Need phen. 3-body repulsion to reproduce saturation point.
@ GFMC: Limited to be A <12.
@ DBHF: Good, but E/A is not enough. Not yet extensively investigated.

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

# Mean Field Models (~ Nuclear Density Fuctional approach)

@ Skyrme Hartree-Fock(-Bogoliubov)
+ Nuclear Mass is very well explained (HFB, Total B.E. AE ~ 0.6 MeV)

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

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

2 Successfulin describing pA scatering (ivac Phenomenology) 1

< Y'TP  Onhnishi @ Monthly Colloquium, Nishina Center, RIKEN, July 20, 2010 21
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Bruckner-Hartree-Fock

# Self-consistent treatment of
Effective interaction (G-matrix) in the Bruckner Theory
and Single particle energy from G-matrix

50

—o— PAR: Paris I I I I I .
@ Need 3-body force to reproduce 0 V14: Argonne V14 s
. . —u—Y18: Argonne V18 ,-"f n’. .
saturation point. e /)]
—e— C: Bonn C f'f,-f':.:"' /1
— FY type 2 ® exchange —o— CD: CD-Bonn vy
. 30 1= a— Ro3: Reid93 VY
+ phen. or Z-diagram —v—No3: Nijmegens3 /m/ /]
—a— NI: Nijmegen | f // !
20 | *— NlI: Nijmegen I f} / ; ;i,-” .
—+— N3: N3LO -!;“,; 1/
A1 . lexois /17 )
a2l ac ' > —0— PAR+TBF 2y d S
I _ 10 |~0— V14+4TBF ‘m AV A
AB = / / /
14| . = —#— V18+TBF / /% o
- AA *\2%14 1 E — w- \18+Z-diagram ;:fi;- i
-16 i ecC AR ] o ol Bonn A (DBHF) & /, /
< sl PAR V18®qf ] —=—Bonn B (DBHF) z.;,;/
2 I V14 o3 g ] |—#— Bonn ctnag A" /
= 20+ R93" NI . ’ ’{// !/
< i | -10 gy
3 2 o BHF e  @CD 0. 2a0 2 0"
24 L * BHF+TBF .
! s DBHF N3®
26 15® - -20
28 A®]
_3(} 1 N 1 ' 1 L 1 L 1 ' 1 L _39 L 1 ! 1 1
0145 020 025 030 035 040 0.1 02 03 0.4 05 0.6
p (fm”)

p (fm®)

Z.H.Li, U. Lombardo, H.-J. Schulze, W. Zuo, L. W. Chen, H. R. Ma, PRC74('06)047304.
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Bruckner-Hartree-Fock theory with Hyperons

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

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

@ NS collapses with hyperons w/o 3BF.

20
M
25} | Mg
20} -
15
15| -

M

1.0}

1.0 Y—-Mixed region

05 - -

I H‘ I i B AN = Super
0.0 . 1 n 1 . 1 . . 1 n . 1 . A

g A

i0 12 14 1600 04 08B 12 16 e

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

# Effective Lagrangian of Baryons and Mesons + Mean Field App.
B.D.Serot, J.D.Walecka, Adv.Nucl. Phys.16 ('86), 1
L=Ly "+ Ly + Ly, +Ly G, O, p,
1
4 (U
:_Z gBS(pB(PS(IJB_Z oWy VW,
B,S B,V

Ly=—U,(0)+—c,(w,w M2 4.

ree __ — . ree 1 1 1 v 1
Lfg :(IJB(ly“(%—MB)LI/B ) Lf\/[ :Z[Eaucpsﬁu(ps——mé(pé]—l-z“[——l/ vV“ TS

v v
- 2 ~ 4 2V

@ Baryons and Mesons: B=N, A, X, &, ..., S=06,¢ ..., V=0, p, @, ...

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

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

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

@ Non-linear terms of mesons — Bare 3-body and 4-body force
Boguta, Bodmer ('77), NL1:Reinhardt, Rufa, Maruhn, Greiner, Friedrich ('86), NL3:
Lalazissis, Konig, Ring ('97),TM1 and TM2: Sugahara, Toki ('94), Brockmann, Toki ('92)
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RMF models

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

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

@ @' term is introduced to simulate DBHF results of vector pot.

TMI1&2: Y. Sugahara, H. Toki, NPA579('94)557;
R. Brockmann, H. Toki, PRL68('92)3408. 60

SCL3 [
@ ¢’ and ¢* terms are introduced 10 YNET roae
to soften EOS at p. ~ L boas S
J. Boguta, A.R.Bodmer NPA292('77)413, = 0l Fp O 1 ie /S
NLI1:P.-G.Reinhardt, M.Rufa, J Maruhn, = RBHF © S
W.Greiner, J. Friedrich, ZPA323('86)13. i AR/ o) yd
NL3: G.A.Lalazissis, J.Konig, P.Ring, = L7 A
PRC55("97)540. %ﬁaﬂ i@ﬂ/ﬂ N_7
B GG T

— Large differences are found _20 ' '
at high p 0 01 02 03 04 05 06

-3
pg (fm 7)
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
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Vector potential in RMF

1500 . - —

# Vector potential from » dominates
at high density !

2

<
U,(pp)=80w~=5pp
m

(0Y)

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

R. Brockmann, R. Machleidt, PRC42('90)19635.

Scalar, Vector Potential (MeV)

@ Collective flow in heavy-ion collisions

suggests pressure at high p . 0 0.2 ) ?f';_a) o6 08
B
P. Danielewicz, R. Lacey, W. G. Lynch, 103 .
Science298('02)1592. o
: : > 10 |
@ Self-interaction of ® ~ cm(couco'“)2 z
— DBHEF results & Heavy-ion data 2100
=10 :}";. Danielewicz e?:{;l‘

0.1 :)I.z 03 04 05 0.6 OI.T 0.8
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206. rz (fm ™)
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Chiral Symmetry

# Fundamental symmetry of massless QCD,
and its spontaneous breaking generates
hadron masses.

Nambu, Jona-Lasinio ('61)

e (MeV/fm°)

# Many of the linear ¢ models are unstable
against finite density (chiral collapse). wo | [$18/1TIIITTTT] [ [s

— Log type chiral potential Ny
Sahu, Tsubakihara, AO('10), Tsubakihara, AO('07 > [7///// /) ) |V

i

0 45#@@%#—*1‘@—»{?-6‘@/—#?11* -
—————— " E=100 .

# Non-linear representation (chiral pert.) — W
o . -200 T
leads to density dependent coupling from . . .

ﬁ[l |""II'I lI I'I I'I 'I I'I lI |I II ‘ .

pion loops. S0 aaaaasas LT
Kaiser, Fritsch, Weise ('02), S b o |[/]]]]] 580l [ [ L |
Finelli, Kaiser, Vretener - 1 Fase? 1 e W | IEI—LIJ{H] .
Weise ('04) : 20 v . w0

N o LIS [go Lok 77

0.7 075 .08 085 0.9
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RMF with Hyperons (Single A hypernuclei)

8 RMF for A hypernuclei

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

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

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

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

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

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

@ Sep. E. of A is well fitted O T om Al 5, ScL3
by U, ~-30 MeV ~2/3 U_ 5 ’ exp. —— -
20
@ Coupling with mesons > s
Xy =8 By = w0l
quark counting: x_~ 2/3 -
nt exchanges: x_~1/3 0t
— Which is true ? -5

0 0.05 0.1 0.1511 0.2 0.25 0.3
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206. Acore
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RMF with Hyperons (Double A hypernuclei)

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

@ TM & NL-SH based RMF

H. Shen, F. Yang, H. Toki, PTP115('06)325.

Model 1: x = 0.621, x_=2/3 (no ¢, @)

Model 2: R€= g / 8..=0.56-0.57, R(p=

@ Chiral SU(3) RMF

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

SU(3)f for vector coupling
x,=0.64, R =0.504

Det. (KMT) int. mixes ¢ and ¢

M. Kobayashi, T. Maskawa,
PTP44('70)1422;
G. ’t Hooft, PRD14('76)3432.

— x,=0.335, R =0.509

N L
=1

g /8= - V2/3

7.5 T
6.5 t

6 L
55t

S, fitvs AB, , fit

\.\\

-,
S
s

5 B
AB, , fit

4'5 i Sﬂ,L fit

4

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

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

# Hyperon composition in NS is
sensitive to Hyperon potential.

o U ~ -30 MeV: Well-known

o U_~-(12-15) MeV

(K, K") reaction, twin hypernuclei
P. Khaustov et al. (E885),PRC61('00)054603; 10
S. Aoki et al., PLB355('95)45.

@ U ~-30 MeV (Old conjecture) =
— X- appears prior to A

@ U, >0 (repulsive) — No X in NS

I
|
X atom (phen. fit), QF prod. :
H. Noumi et al., PRL89('02)072301; . |
T. Harada, Y. Hirabayashi, NPA759('05)143; 0.0

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

action

-

L

E \x if

£ s h, Ug=+30MeV
[ 10 JII |'J'I' LY :
e}

iy

1]

o

[ul

ﬂ'iﬂ I D‘TE : EIP.Q II I.E' IL.E
Density (fm ")
J. Schaffner-Bielich, NPA804('08)309.
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Hyperon Composition in Dense Matter

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

@ U =+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

— Does X play no role

in NS ?
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=107}
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1072}/
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0 02040608 1 1214 0 020400608 1 1.2 14 1.6
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0|

-3

0

11

TMI1 1 EOSY
Dy /s
D : .
s | i
. . l;
:
— N | — H
EOSY(SM) EOSY™ A
P — 1 ;__t}
== e T e 5
———— ———=—==1 ‘/..f‘:’r L — " = —— _— _
;A Ve w0 —
I ', | N e e oL
(o o T
| : [ _
o | ,
1 ol |JI | | L
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Ohnishi @ Monthly Colloquium, Nishina Center, RIKEN, July 20, 2010 31



2" atom data

10

a X atom data suggested repulsion e 109
° ° ° ° SiM F T S.=d +
in the interior of nuclei ! |
C.J.Batty, E. Friedman, A.Gal, PLB335('94)273 1

Batty's DD potential is very
repulsive inside nuclei.
— No X baryon in dense matter.

wo || - il
SR —e
30 r WR -—ae— T

Atomic ShiftieV)

f 8 m 12 14 16 18 70 75 &0 85

100 —— £
BD 1 E 105 3
r':: f f
© 60 _ I ]
= = |
40 ; |
S S
N o 1n '-.1.[.'; : —
-2 0 t > Exp.
_20 — = T - -: 1 1 1 i i . . . .
55 60 65 70 75 BO BS5 8.0 10 12 14 16 70 75 80 85
r (fm) Z
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

a8 RMF fit of Si and Pb X atom 50
a =g /g ~23(M),0.69 (T)
o0 =g . /g N~ 2/3(M), 0.434(T)
J.Mares, E.Friedman, A.Gal, B.K.Jennings,
NPA594('95)311; Tsubakihara et al.('10)

- T L _— T T T T N T
Vpt oF L In Si Re. partiSR)
p Im. partis®) - - -
Re. partitWR) — — - 7]
Im. paartVWH)

Vopi(MeV)
=

@ Much smaller g . than naive SUQ3) | . _:‘;_;_;,,,

(g =/ & x=2), which has been R R A
° ° ° 1 )
applied in some of previous works. i
30 T T T T T T T T T =0 ‘Ip""pt of LinP’h I IRJ-: Eﬂim —
“or Re. parttWR) — — -
20 + NL . o T Im.ﬁrﬂ"r‘fﬂ]
< T a =2/3 i
2 07 1z
W o110 | - -
> ~ - ;} .10 b e i
~ 2 -
=20 ~ . ! b - 20 F o
_3D -l 1 T — T 1 1 | I I )]
g 1 2 3 4 5 6 7 8 9 10 0 2 4 o B 1o
r(fm) rifm)
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2 atom and Neutron Star

# X may not feel very repulsive potential |
in neutron star....

% 40 -
=
@ n'- 1 —~
p'-type fit — very repulsive Z oo}
@ RMF fit — small isovector potential £ _
— QF prod. may support the latter. P
> would appear in NS. St e
T. Harada, Y. Hirabayashi,
NPA767('06)206
:'f 1 __‘———-__q__'_____ ,,_:f 1 ____I—"“-a-__l__ ~ f 1 __.__I_:_-h"“l-——__
— SCL3A T — SCL3AL — = SCL3AL I
= = ~ {Ep}E EL-L.'E} i -
I | I
Sob Ul RS asE EETETE BEPC Ul S et 3 Ul B ES e
? i .-'.I E i ,-'-; _ E _-’-f S
e / i n E { n z {7 In -
~ B - P — ' P 2 » P
& 107 T A e Z 107 A eeeeees E 107 A eeeeene
E e = iI £ 3 : L
& ]I]_J N , , 5 1{]_3 {1 , B 10—3 oo B ,
0 03 06 09 12 0 03 06 09 1.2 0 03 06 09 12
Pp PB Pe

K. Tsubakihara, H. Maekawa, H. Matsumiyva, AO, PRC81('10)065206.
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Neutron Star Mass

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

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

@ RMF generally predicts stiff EOS

at high density.

NS mass (M, )

—
"-‘
tn

(Scalar attraction saturation,
or Z-graph in NR view.)

@ Some of RMF with Y do not

support 1.44 M_ .

@ Vector mass mod.

o
n

0.1 1

ifm'jl

[

—
tn

f—
T

0

T™MI ----
EOSY(SM) _
EOSY —

EOSY®w -

10"

3 .
NSmass _.—# —-—_.
25 ¢ _/"
e 0 ] . E -"' ’_-- Tt ST
s Additional Repulsion at high p ? S 15| i —
E 1+t SCL3 TM1
' ' 05| Jsein N1
— strm!ger repulsion at high p. : Sers NL3 —m
M. Naruki et al., PRL96('06)092301. 0 ' ' '
0 0.5 1 1.5 2
@ Another term such as NNoe. pp (fm™)
C. Ishizuka, AO, K. Tsubakihara, K. Sumiyoshi, S. Yamada, JPG35('08)085201.
K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206.
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Summary

a Jtis a long-standing problem to obtain Nuclear Matter EOS from
1st principle theory and/or experiments. Some constraints are
obtained from recent experiments and observations.

@ Collective flow and Asym. relaxation in HIC, ISGMR of Sn isotopes
— Pressure at high density, p_ deps. of Esym.

@ (M, R) observation of neutron star — EOS of neutron star matter
# First principle approaches become promising to understand EOS.
@ Lattice QCD (MC, SC), Ab initio approaches + chiral int., ...

# Phenomenological approaches are also improved based on the
developments in experiments and fundamental approaches.

@ DBHF results, Pressure from HIC, Hypernuclei, Atom data, ...

and they now start to suggest the nature of the mean field,
and ...
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Future works

# Theorists should further develop 1st principle / ab initio
frameworks.

@ Lattice QCD, Lattice gas, diagoanization, diagonalization after
reduction (eff. int.), AdS/CFT, ....

# Phenomenologists should should search for a model which
satisfies the observational requirements as far as possible.

@ B.E. and rmsr of normal nuclei, hypernuclei, and exotic atoms,
Sym. NM EOS, HIC data, Low density neutron matter,
NS mass and radius, ...

@ Low density matter is also important for SN and NS.

@ Essential point: Many-body force (bare and effective)
RMF: ¢, 6%, @, ...
HF, BHF, .... p-dep. 2 body, p°, p% ...

s Experimentalists should provide key data.

@ E.g. Isotope dep. of collective flow.

o Y'TP Ohnishi @ Monthly Colloquium, Nishina Center, RIKEN, July 20, 2010
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EOS and Related Physics

DFT

Neutron
Star

N-rich

AD Initio

Eff. Int. ;!‘

String

x & 11

NN force K

""""""" Lattice QCD

Strangeness

In-medium
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Thank you for your attention !
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Cold Nuclear Matter in Lattice QCD

s Baryon mass puzzle in SCL-LQCD: N p <M_

— QCD phase transition takes place before baryons appear.
Kluberg-Stern, Morel, Petersson ('83), Damgaard, Hochberg,Kawamoto ('85), Karsch,

Mutter ('89), Barbour et al.("97), Bringoltz('07), Miura, Kawamoto, AO ('07)

# Possible Solutions

@ Regard the matter at p> p_as nuclear matter de Forcrand, Fromm ('09)

@ Finite coupling effects: Decrease of quark mass

o
3
S " ; (A} A
o ic by Glasgow argorithm miA) . - -
Lh pe by Glasgow argorit]
J (; : A=1 A=2 A=3
fonl X He by Monomer-Dimer ;
2h - - ‘-
.'l-.l‘l 25} _ﬂ \
L x =
10 AN ) s s B
r
o N : =
0.75 Me by Previous E_Lf' Mg/3 Present
3 e B == .,',’ . 3 A
c  Present—— /¢ Mp/3 by Previous S(L 2 Hec . ' . -
05 i i 2 l A=5  A=6 A=T  A=#
‘- Mg/3 by Monte-Carlo
0.25 - # ’a': 15 - . . .
o b 0 & 10 12 A=9  A=10  A=11  A=12
| £ o | (g:r’} | | | | A
I-J - :'\. 1 o] :"I :. 1 -
00 02 04 E[J.f] 0.8 1:.[, 1.2 14 16 1.8 (a) (b)
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" Miura, Kawamoto, AO ('07)

y. and Mp/N_

de Forcrand, Fromm ('09)
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Constituent Quark Mass in NNLO SC-LOCD

s Mechanism of “stable” p (T=0) in NLO/NNLO SC-LQCD

Effects of quark mass reduction & repulsive vector pot. cancel
Transition Condition at 7=0: E _(ri )=f~u—B' w,
—u=E (di,)+B' w,

1
POCket fOl‘mllla HC,TZOZElEq(O-:O-VEw’wT:O)_I_aIJ(O-:Oaw:NC)]
! | u
Ist 1 Eq(vacﬁ ——-

0.75 He 2 M ———— )
_ S —~——__
E 051. ailp = = ""':7- .___.____d_____________._.—a—-—-‘—':'{ﬁ:
B \ = 0.5 -

0.25 | approximate form =.

0 L L
0 1 2 3 4 5 6

0 1 2 3 ,4 5 6
p=2NJg

Quark mass (R E q) is smaller than u_ for > 5.5.
— “Baryon mass puzzle” may be solved !
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What is Collective Flow ?

(Directed) Flow (dPy/dY)| |Elliptic Flow (V) Radial Flow (3r)
Stiffness (Low E) Thermalization Pressure History
+ Time Scale (High E) & Pressure Gradient DV
{".W = —VF
- _ — WV P
Until AGS Above SPS —V=/

X
t UE > ():
In Plane V2 <0:
Qut of Plane
X
Y
. q r"'J" . : |" ;-}’ BT

- YITP 42
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Side Flow at AGS Energies

s Relativistic BUU (RBUU) model: K ~ 300 MeV
(Sahu, Cassing, Mosel, AO, Nucl. Phys. A672 (2000), 376.)

# Boltzmann Equation Model (BEM): K=167~210 MeV
(P. Danielewicz, R. Lacey, W.G. Lynch, Science 298(2002), 1592.)

EE———— PmaxlPor =2
RBUU —»—
RBUU CASCADE —— M1 Pt sal
- FOP| — - O EOS K=380 MeV
. 0.3 - ®E835
= EB77 = |
§2IJD I NA4G — | S |
= FOS —— G o2
= = T
Y 100 fe o [ e
J :
Y 3 X
by 04 1 10 100 -
o Beam Energy (GeV/A) 0.1 0.5 1.0 50 100
E. Epearm/A (GEV)
inc
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Elliptic Flow

# What is Elliptic Flow ? — Anisotropy in P space

s Hydrodynamical Picture

@ Sensitive to the Pressure Anisotropy in the Early Stage

@ Early Thermalization is Required for Large V2

Out-of-Plane Flow
y (v,<0) 2

L b= (PP 052 )

‘ \T/A p.tp,

X

In-Plane Flow
(v, > 0)

/|\

[ |
|
== @ YUKAWA INSTITUTE FOR
L ‘THEORETICAL PHYSICS.



Elliptic Flow at AGS
# Strong Squeezing Effects at low E (2-4 A GeV)

@ UrQMD: Hard EOS (S.Soff et al., nucl-th/9903061)
@ RBUU (Sahu-Cassing-Mosel-AQO, 2000): K ~300 MeV

@ BEM(Danielewicz2002): K=167 — 300 MeV

(1

%u("'i-’!l.(r‘ } Au
|:|:|.Ln|:u Ir = 'J'fm

0,05

. ﬂ
-

UrOMD

® Cascadoe
B Foten tial
* 895, TATY
=11 .
0 2 1y ¢ I = 1
E ., B Cnucleon)
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0058
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DATA -

Au11.6 A GeVic)+Au

b= 6 fm, abs(Yem/Ypr)) @ 0.2

G & 10

12

BEM

Prmax' PO ~2 -3 =5 -7
DFDE _.IFI Ili T T I :I’I
- cascade .-~ ;
DATA
0,05 o Plastic Bal
m]
210 | EOS
1 & EBOS
* 7
0.10 300 o E8t
K=380 MeV
il 1 I AN | 1 Ll sawsl
0.1 0.5 1.0 5.0 'Ilf'J 0
E poarm/A {Gew
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Elliptic Flow from AGS to SPS
s JAM-MF with p dep. MF explains proton v2 at 1-158 A GeV

@ v2 is not very sensitive to K (incompressibility)

@ Data lies between MS(B) and MS(N)

0.08 —

Plrutlnnl v.z ;‘t:;r.AGS to éPS .Em.erg.iels. -
AGS SPS
0.04 . i

0.02

0.06

> 0r

ﬁﬁﬂ!

MF for Res

/

¥

1

-0.08

E,.. (AGeV)
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