Nuclear Matter Equation of State
AKkira Ohnishi (YITP, Kyoto Univ.)

# Introduction
Why do we study EOS ?

# Relativistic Mean Field description of EOS
oc® model, Non-linear terms, Chiral RMF

# Dense Matter EOS with Hyperons
Hyperon potentials in nuclear matter, EOS with hyperons,

# Collective flow and EOS in High-Energy Heavy-Ion Collisions
Semi-classical transport model, Collective flows at AGS & SPS

& Summary
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Introduction
Why do we study Nuclear Matter EOS ?
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Why do we study Nuclear Matter EOS ?

# Answer 1: Since bulk nuclear properties are mainly determined by
nuclear matter EOS, it is important for nuclear physics.

@ Nuclear Radius — Saturation of Density
R =r, A" (r,=1.2 fm)

@ Nuclear Binding Energy (Bethe-Weizsacker Formula)
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Why do we study Nuclear Matter EOS ?

# Answer 2: Since nuclear matter EOS is decisive in compact
astrophysical objects such as neutron stars, supernovae, and black hole
formation, EOS is important to understand where atomic elements are

made.
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Why do we study Nuclear Matter EOS ?

# Answer 3: Since the EOS should have singularity (or at least sudden
change) at phase boundary, it would be possible to catch the signal of
phase transition in nuclear collisions.

# Pressure and Energy Density

P QGP
of Free Massless Gas
2 2
P— N T —_N T Pion Ga _
90 30 N e T
N, = Bosonic DOF (7/8 for Fermions) Pressure
'y
s Hadron Gas ~ 3 pions (N_=3) Bag Model
2 2
TT 4
P.= % T’ » o Ex :E r Pion Gas

Hagedorn

s QGP N _=16(gluon)+24 x 7/8 (quarks)
and Bag Pressure

PQGP 00 T —B EQGP 30 T + B nergy Density

Ohnishi, CNS-EFES08, 2008/08/26-09/01 S




Nuclear Matter EOS

# In this lecture, I discuss several aspects of Nuclear Matter EOS

Lecture 1
(1) EOS and Mean Field in Finite Nuclei and Nuclear Matter
— Relativistic Mean Field

Lecture 2
(2) Dense Matter EOS and Compact Astrophysical Objects
— EOS with Hyperons, Neutron Stars, Supernovae,
Black Hole Formation

(3) Hot and Dense Matter EOS and High-Energy Heavy-Ion Collisions
— Nuclear Transport Model, Collective Flows

# Ohnishi, CNS-EFES08, 2008/08/26-09/01 6
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Theories/Models for Nuclear Matter EOS

# Ab initio Approach

@ LQCD, GFMC, Variational, DBHF, G-matrix
— Not easy to handle, Not satisfactory for phen. purposes

# Mean Field from Effective Interactions ~ Nuclear Density Fuctionals

@ Skyrme Hartree-Fock(-Bogoliubov)

* Non.-Rel.,Zero Range, Two-body + Three-body (or p-dep. two-body)
+ In HFB, Nuclear Mass is very well explained (Total B.E. AE ~ 0.6 MeV)

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

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

¥ Successful in describing pA scatering (Dirac Phenomenology)

Ohnishi, CNS-EFES08, 2008/08/26-09/01 8



Relativistic Mean Field (1)

# Relativistic Mean Field
= Nuclear scalar and vector mean field generated by mesons
— Why do we use relativistic framework ?

Nuclear Force is mediated by mesons
— Let's consider meson-baryon system ! - _O
(Entrance of Hadron Physics)

We are also interested in Dense Matter EOS
— Sound velocity exceeds the Speed of Light (=c) with Non.-Rel. MF

G, Q), p,...

Success of “Dirac Phenomenology”

(Dirac Eq. for pA scattering — Spin Observables)

— Strong Scalar and Vector Mean Fields are preferable to explain
Spin Observables

DBHF (Dirac-Brueckner-Hatree-Fock)
— Successful description of nuclear matter saturation point
based on bare NN interactions

RMF is a good starting point as a framework
of hadronic system including Nuclei and Nuclear Matter

Ohnishi, CNS-EFES08, 2008/08/26-09/01



Dirac Phenomenology

E.D. Cooper, S. Hama, B.C. Clark, R.L. Mercer, PRC47('93),297

# Dirac Eq. with T
Scalar + Vector pA potential 200 £
(-400 MeV + 350 MeV) I
— Cross Section, Spin Observables £ |
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EOS in Dirac-Brueckner-Hartree-Fock
R. Brockmann, R. Machleidt, PRC42('90),1965

# Non Relativistic Brueckner Calculation
— Nuclear Saturation Point cannot be reproduced (Coester Line)

# Relativistic Approach (DBHF)

— Relativity gives additional 0 e
repulsion, leading to | Nuclear Matter . |
successful description 5 | relatvistc |
of the saturation point. | o

Z 10 | B
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Relativistic Mean Field (2)

# Mean Field treatment of meson field operator

Meson ield operator is replaced with its expectation value
¢(r) — <@(r)>

Ignoring fluctuations compared with the expectation value
may be a good approximation at strong condensate.

# Which Hadrons should be included in RMF ?

-

-

-

1

v
g

Baryons (1/2+) p,n, A, X, 5, A, ...
Scalar Mesons (0+)  ¢(600), £ (980), a (980), ...

Vector Mesons (1-)  ®(783), p(770), ¢(1020), ....
Pseuso Scalar (0-) n, K, n1n' ..
Axial Vector (1+) a

1, [ XX X J

We require that the meson field can have uniform expectation values
in nuclear matter.
— Scalar and Time-Component of Vector Mesons (6, ®, p, ....)

Ohnishi, CNS-EFES08, 2008/08/26-09/01 12



ow Model (1)

Serot, Walecka, Adv.Nucl.Phys.16 (1986),1
# Consider only 6 and ® mesons

# Lagrangian

L=p(iy"0,~M +g,0-g,0)y
—I—%Guaﬁ“(f—%mez—%FquW*‘%miwuwu
(Fuvzéuwv_an“>
# Equation of Motion 5 i oL _ O L

0

@ Euler-Lagrange Equation O x" a( O (]5) - @Cb-_
i S v l
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EOM of o (for beginners)
# FKuler-Lagrange Eq.

0, F"" +m,w'=g,py"y
# Divergence of LHS and RHS
0,0, F* +m2(0,0")=m(8,w")=g,(0,#y" w)=0
LHS: derivatives are sym. and Fllv is anti-sym.
RHS: Baryon Current = Conserved Current

# Put it in the Euler-Lagrange Eq.
0,F""=0,(0"w" —0"w")=0,0"w"'—0"(0,w")=0,0" w"

Ohnishi, CNS-EFES08, 2008/08/26-09/01
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Schroedinger Eq. for Upper Component

# Dirac Equation for Nucleons
iyo—y'U-M-UJy=0 , U=g,w , U=—g,0
# Decompose 4 spinor into Upper and Lower Components

E-U —M-U, ioV (f):O g= ! (V) f
—io-V —E+U —M—-U,

# Erase Lower Component (assuming spherical sym.)

—i(U-V)gZ—(U-V) (o V)f———vzf——ldi%](a r)(o-V) f= V Vf+

(or)(c-V)=(rV)+ic-(rxV)=rV—o-l
a8 “Schroedinger-like” Eq. for Upper Component

1

_VE+M+US—UV

Vfi+U+U,+U(0:1)) f=(E-M)f

g [d
Borldr E+M+U U,

(xs,Uv)fv (-350 MeV,280 MeV)—Small Central(U +U ), Large LS (U -U )
Ohnishi, CNS-EFES08, 2008/08/26-09/01 15
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Various Ways to Evaluate Non.-Rel. Potential

# From Single Particle Energy

YNE-U)+iy:V=(M+U)|y=0 > (E-U)V=p"+(M+U )
2
SE=\ MU U ~E My qu 22
" E, 2E;,

(E,=\p*+M?)

# Schroedinger Equivalent Potential (Uniform matter)

NV odusEy LUU f_E+M(E—M)f
oM M oM oM
E
Ugep~U +—U
SEP s M 1%

Anyway, slow baryons feel Non.-Rel. Potential,

U~U+U =—g.o+g w

. Ohnishi, CNS-EFESO08, 2008/08/26-09/01 16
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Nuclear Matter in e Model

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

# Uniform Nuclear Matter

: 122_1

_ fPF p E* 2 2
ElV=yy o) +§mscf 5 M, W +g prw
8s =B [T Y dpyr M=M+U=M-go, E'=\p+M")
=—3P,= .
m 2 (2m) E
3
&8 & ¢ dp O
W=""5Pp=¥n 2f 3
v 1Y (27T) . R
10 . ; _]
v« = Nucleon degeneracy % | NI Ry
(=4 in sym. nuclear matter) -  ___—— - ,/ ______ -
| RN
m N [
Problem: EOS is too stiff | - ﬂgg;g;ﬂ\ N
K ~ (500-600) MeV ! RN
9 P I B B SR
— How can we solve 20 - - - - -
4\903 k, (fmm™")
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RMF with Non-Linear Meson Int. Terms

Boguta, Bodmer ('77), NLI1:Reinhardt, Rufa, Maruhn, Greiner, Friedrich ('86),
NL3: Lalazissis, Konig, Ring ('97),TM1 and TM2: Sugahara, Toki ('94), Brockmann, Toki ('92)

# Too stiff EOS in the simplest RMF ( 6® model) is improved
by introducing non-linear terms ( ¢*, ®*)

@ Fit B.E. of Stable as well as Unstable (n-rich) Nuclei

@ Three Mesons (6,0,p ) are included

@ Meson Self-Energy Term (o,0)
L=y (i@ — M — go0 — gu b — g,7° £*) N

- 53“03“0 — Emio
l,u,y 12,{1, apy pa 12:1,&:1 1 2
- ZW W + 5 M’ Wy — ZR R, + 5P P H 08 (wyuwt)
— . — . 1 Y
+we (?’ﬁ _ mﬁ) wﬁ +wy?’&wv o ZF,{LUF“ )
W,u,:.r = Oy — auw,u, ’
Rf;,y — ”Pf; . aupﬁ, 4+ gpeabcpbﬂpcu j
B—0,A, —a A, . (2)
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RMF with Non-Linear Meson Int. Terms

# Are the Lagrangian parameters are well determined ?

5 :L"frcc(t.i:"a oW, P, } + T: [QJJ B Qw"}“ﬂw — ngz"}"DP] T#
+ cw'/4 -V, (o) , (3)
i {%9303 +1g,0% (NL1, NL3, TM1)

\ (4)
—asfscL(o/fx) (SCL)

@ Linear terms, Meson-Nucleon Coupling — Well determined
@ Negative Coef. of 6* <0 in some of RMF models— Vacuum is unstable

@ Meson interaction terms — Different in RMF parameterization
and ....

TABLE II: RMF parameters

goN guoN  gonfl g3(MeV) g4 o(MeV) mo(MeV) m,(MeV)
NL1[18] 10.138 13.285 4.97(@ 2401.9 -36.265 492.25  795.359 763
NL3[19] 10.217 12.868 4.47T4 2058.35 -28.885 508.194  T82.501 763
TM1[6] 10.0289 12.6139 4.632291426.466 0.6183 71.. 511.198 783 7T
SCL[20](*1 10.08  13.02 4.4 1255.88 13.504 ' 502.63 783 7T

o (11 gs andgare Tron ihe expansion of k) Jido, Sekihara, Tsubakihara, in prep.
s Ohnishi, YITP Colloq., 2008/05/28 19



RMF with Non-Linear Meson Int. Terms

# Difference in non-linear meson terms 350
generate different predictions

of EOS at high densities s
=
.,

= 02

0.1

0

400

Is there any way % o

to “Derive” RMF Lagrangian ? S

— Symmetry in QCD = oo

0

AO, Jido, Sekihara, Tsubakihara, in prep.

Neutron star matter

TM1-SM g
| 10TSY —— . -]

0 0.2 04 0.6 1]3:3 1
Baryon Density (fm ™)

A
Ohnishi, YITP Collog., 2008/05/28
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Chiral RMF |

Ohnishi, CNS-EFES08, 2008/08/26-09/01
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Nuclear Many-Body Theory preserving Chiral Sym. ?

# Chiral Symmetry

1 1
(IJR:§<1+)/5)LIJ_)URLIJR’ (IJLZE(I_)/S)(IJ_)UL(IJL

@ Symmetry in QCD with small quark mass
Kinetic term = invariant: @iy" D, @ =@, iy" D, @,+@,iy"'D, v,
mass term # invariant: Q@=@ @, +@, P,

@ Should be kept in Nuclear Lagrangian
Problem: Nucleon cannot have mass !
Solution: Spontaneous breaking of Chiral Sym.

L, y=~(0,00"0+0,md" )
2 , £ (Mvem?)l-___ se=s=uy
_%( 2+n2)2+g—(o2+n2)+ca SRy

+Ni8uy”N—g(,N((T+i7TTy5)N

Gell-Mann, Levy, 1960; Nambu, Jona-Lasino, 1961  © (MeV)

Ohnishi, YITP Collogq., .~ .. . __
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Chiral Collapse Problem (Lee-Wick Vacuum)

s At finite p_, Nucleon Fermi Integral favors smaller ¢
— Chiral Sym. is restored below p  (Chiral Collapse) Lee, Wick, 1974

# Prescriptions

@ oo coupling (too stiff EOS) (Boguta 1983, Ogawa et al. 2004)

@ Loop effects (unstable at large o)
(Matsui-Serot, 1982, Glendenning 1988, Prakash-Ainsworth 1987, Tamenaga et al. 2006)

@ Higher order terms (unstable at large 6) (Hatsuda-Prakash 1989, Sahu-Ohnishi 2000)

@ Dielectric (Glueball) Field e (m =600 MeV, pg=0-5 p,)
representing scale anomaly 1000
(Furnstahl-Serot 1993,

Heide-Rudaz-Ellis 1994, s~ 800 |
Papazoglou et al.(SU(3)) 1998) ' 600 |

400

@ Different Chiral partner assignment
(DeTar-Kunihiro 1989,
Hatsuda-Prakash 1989, 200 \ ]

Harada-Yamawaki 2001, 0 ]
Zschiesche-Tolos-Schaffner-Bielich-Pisarski, ' : : ' '
nucl-th/0608044) — SU (3) extention ? -150 -100 -50 0 50 100 150

but..... c (MeV)

e (MeV/fm

Ohnishi, YITP Collog., 2008/05/28 23



Chiral Collapse Problem (Lee-Wick Vacuum)

# Many of the proposed prescriptions fail ....

Naive ¢* 1000
(Unstable) smw
Lee-Wick
Fermion 1000
Loop 2 s
(Unstable)s
; 1 (M)
SCL-LQCD sm
0

1{MM)}

S0

0

Energy Density al pg=(0-5) p,

o maodel m"‘]- | Hnr.'.ulaff:l:m:] ;
 Baryon Loop (-5 log o”) | | Sahu-Ohnishi (7°w”, 5°, 6”)

~——

SCL u-m-;,-' o)

.

_ MNucleon coniribulion

e

R S P -

0 Al

114
& (AMeV)

B (MeV)

Tsubakihara, Ohnishi, 2007

oc® coupling
(too stiff EOS)

. Higher order
| terms
| (Unstable)

Phenom.

Ohnishi, YITP Collog., 2008/05/28
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Chiral RMF based on SCL-LOCD

# Relativistic Mean Field model

Tsubakihara, Ohnishi, 2007
@ Effective Lagrangian consisting Baryons and Mesons

@ Attractive Scalar Field (o) + Repul. Vector Field (o) — Matter Saturation
Ly =Uy[i@ — go(0 +ivsT - ™) — gt — 9,7 - Pl

(Hobyo + 0w -O,m) —

||—~t-..:|||—~ E'l

I‘i' ﬂy.‘i“y E]‘”iﬂ.:ﬁ-.b'ij + 7 !

@ Linear ¢ Model

1 » 1 4
V =—=po +—2A
SSTSHOTH A

@ SCL-LQCD (Zero T)

VUZ%agaz—bglogU

—  Agree with Phen. RMF results
RIS at large chiral condensates.

YITP Kyoto 33,

H
g

Ohnishi, YITP Collog., 2008/05/28 25



Chiral RMF based on SCL-LOCD

Tsubakihara, AO, PTP 117('07)903 [nucl-th/0607046]

# Nuclear Matter EOS
@ Gives “Medium” EOS (K ~ 280 MeV), Comparable to Phen. RMF

# Bulk properties of nuclei

@ B.E./Nucleon, Charge radii — Comarable to High Quahty Phen. RMF

Eqation Of State o

80 /' \'F m J—
Bhgg&g . ' .'.- ' ’ _ 8 r 1]1 Cﬂ Ni 7r Sn .__—-,..\:
I 7 R = |
O M1 ﬁ?’;fg N L
S 40 | SCL-SUR) — 5 | di ]
s fol b e Y
i o i | 4 Si -
% % 5 Jl g i .::f-' j X
0 i) J C 4l c 0O
i e 4 —i ) B
-20 ¢ ] A 3l
. . . . . , TM1 and zl.... i | 10 20 | 30 40 .SD
0 01 02 03 04 05 08 = p- o= -
pg (fm™) A

This would be the first step of giving
Nuclear Density Functional from QCD

Ohnishi, YITP Collog., 2008/05/28 26



Binding Energies in Chiral and Non-Chiral RMF

# Non-Chiral High Precision RMF: TM1 & 2, NL1, NL3
(Sugahara, Toki, 1994; Reinhard et al., 1986; Lalazissis, Koenig, Ring, 1997)

# Log term from Scale Anomaly: 1/110, 1F/110, VIIIF/100

Chiral Symmetric, No Instability, with Glueball 7 —=_x*|ogo”
(Heide, Rudas, Ellis, 1994)

# Quark Meson Coupling model

B/A (MeV)

Nucleus TM2 NL1 NL3 I[/110 IF/110 VIIF/100 QMO
= il - - - - - -
'*_'-:II 792 79% B05 7.3% T.86 T.18 .84
= 5i BAT 83§ - - - - -
A0y 548 &% 855 706 g 3% 7.01 7.36
By 870 &6A0 B.6Y - - - 7.96
=N - &TD 868 - - : :
T - 871 B.70 - - - 7.74
Ubgn - g52 A5l - -

' Ph - T7E - - -
S - TRY 78R 7.33 T.54 7.44 7.9%

Qs

HF
Ohnishi, YITP Collog., 2008/05/28 27



Chiral SU/(3) RMF

Tsubakihara, Maekawa, AQ, EPJA33('07)295 [nucl-th/0702008]
# Extention to Flavor SU(3)

=

40

Ohnishi, YITP Collog., 2008/05/28

— Chiral Potential from SCL-LQCD N 0 = A~
. SF o JUaANI Zr Sn —
+ Determinant Int. (U, (1) anomaly) = .l . -
+ Explicit breaking term S .
Use = — a log(det MMT) + btr(MMT) i Chiral ST
: 30 —t :
+ g0 + ¢ +d(det M + det M, A 5
P
1” -
° - d
# Normal, Single & Double A, X atom, % i
[
~ i I" B
EOS ( FP), (XX X ] _f:

50 SCL — 0 Le “hiral SUi 3)

60  SCL3 1000 | l': o— || #:.'-;p. :.
> KPe S0 A3 11-=4
> 40 - »
E - 4-}3} ' I
<20 =100 } 5.54 -

2 = 50} Chiral SU(3)(SR) —e
o Chiral SU3WR)
-20 | N=Z 10 , Exp, ——
0 0'1 02 03 04 0'5 0.6 0 5 10 15 20 25 3 35
102 03 04 05 0. 2
pg (fm™)
28



Summary of Lecture 1

# Nuclear Matter EOS is important in various aspects of Nuclear Physics

# Relativistic Mean Field may be a good starting point to describe
hadronic (baryon and meson) systems.

-

-

-

Relativistic — Saturation, Causality
Based on successes of Dirac Phenomenology and DBHF

Covariant Density Functional
— It is desirable to obtain E/V (energy density) in fundamental theories.
(Renormalizability is not required.)

We can re-write RMF equations in Schroedinger-like eqs. We may
consider it as a method to parameterize DF in a transparent manner.

Higher order terms / Density dependence of the coupling constants (not
mentioned) — Necessary for precise description of nuclei, but need
foundations of extension.

Ohnishi, YITP Collog., 2008/05/28 29



Relativistic EOS
of Supernova Matter with Hyperons

Ohnishi, CNS-EFES08, 2008/08/26-09/01
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Multi Dim.
Instability
Magnetic Field r-process
Acoustic Revival

v physics

>4

Realistic v-A int.
EOS tables Nuclear Dist.
Lattimer-Swesty (1981) Exact v transfer
Rel. (Shen) EOS (1998)
— How to extend ?

# Supernovae DO NOT EXPLODE in theor. calculation at present
with realistic microphysics inputs. — How can we succeed ?

o asil Multi-Dim. Hydro (Instability)+Additional Energy Release (10 %-factor 10)
AN

Ohnishi, CNS-EFES08, 2008/08/26-09/01 31



Hyperons in Dense Matter

# What appears at high density ?

@ Nucleon superfluid (°S,, °P))

@ Pion condensation, Kaon condensation, Baryon Rich QGP, Color
SuperConductor (CSC), Quarkyonic Matter, ....

@ Hyperons
Tsuruta, Cameron (66); Langer, Rosen (70); Pandharipande (71); Itoh(75); Glendenning; Weber, Weigel;

Sugahara, Toki; Schaffner, Mishustin; Balberg, Gal; Baldo et al.; Vidana et al.; Nishizaki,Yamamoto,
Takatsuka; Kohno,Fujiwara et al.; Sahu,Ohnishi; Ishizuka, Ohnishi, Sumiyoshi, Yamada; ...

Outer Crust
— e n )
s Nuclei, Electrons, P z
Unpinned Neutron Superfluid
3P Superfluid Neutrons o - LU
1 PErd i He +AM
S0 Superfluid Protons / e
Electrons e Er(n) - Nl"l
Pion Condensation? e
Hyperon? -
QGD72

Nobody says “Hyperons do not appear in neutron star core” !
Y appears when u,=FE . (n)+U(n) = M(Y)+U(Y)+0Q,u,

Ohnishi, CNS-EFES08, 2008/08/26-09/01



Hyperons in Supernova Matter

# Problems to include hyperons in Supernova Matter EOS

@ Uncertainties of hyperon potentials U,(p) — Recent Hypernuclear Phys.
(e.g. Balberg, Gal, 1997)

@ Density may not be very high in supernova — Needed in cooling stage

Attractive U Repulswe U,

S 1 U, =-30MeV
— 0 L'I.".. v = =-30 MeV/ U‘_-. =10 MeV
= 10 Uz = -30 MeV
R
S 10" =
o 2 Li i
= 10 ° | |

: : — : Sahu,
0123456?89103123456?891[}A02003

Np/N, Np/N,
| We include recent hyperon info. in supernova matter EOS

Ohnishi, CNS-EFES08, 2008/08/26-09/01



2 Potential in Nuclear Matter

s U (p,)~ —30MeV: Well known from single particle energies

. . Tsubakihara, Maekawa, AO,
# Naive expectation EPJA33("07),295.

= Quark Number (ud number) Scaling ¥ o ATl ChiralsU)
s A AT exp. @
U ~23U,—U~2/3U,~-30MeV Wl
# Problems with X § il
=10 F
@ Only one bound state *_ He (Too light !) ”
— Continuum (Quasi-Free) Spectroscopy s - - .
° i 0,05 0.1 0.15 0.2 025 0.3
is necessaréy OF Peak N
g 0= 72 /2My+AM+U(Y)-U(N)
S
= % d
T © P
= N .
®
Ny 30 MeV
Threshold
Ohnishi, CNS-EFES08, 2008/08/26-09/01 34



2 Potential in Nuclear Matter

# Cont. Spec. Theory = Distorted Wave Impulse Approx. (DWIA)

d° o _
dE . d

B

Kinematical Factor—

do
d O

Elem.

S(E.q)

Nm—KY

Strength Func.

—FElem. Cross Sec.

™~

@ Large ( ®, q) range — Important to respect On-Shell Kinematics

@ Kinematics depends on Reaction Point with Hyperon Potential
Harada, Hirabayashi, NPA744('04),323. Kohno, Fujiwara, Kawai, et al.

o PTP112("04)895
® = = | "®c(nt k) P 12 g SEEEp———
2 1.20GeV /e (67) y ulﬂlll‘. 1) S (Z % Woods-Saxon parameters
=12 . ||| I| '| i 3 < r=1.2(A-1)" fm, a=0.6 fm
P 2 C+A ”, * | } ll!’lrl g E
5T | il 1,2 82 .
:a‘ - # /," | I:|. | = 3. 3 f‘ :
= 38 B | , 1 TN ﬂ |I|l|||| . g S
5 i A r,» ‘:L"‘». J| ) ; % ”
— =R } LN 2 g
. % i | / T (ose) S ==
N Yy @ N A prod.
0150 ) #-FéODI - ‘25{]' - 3
ns w (MeV) ‘B}: [MeV]
HF
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2 Potential in Nuclear Matter

Maekawa, Tsubakihara, AO, EPJA 33(2007),269.
Maekawa, Tsubakihara, Matsumiya, AQ, in preparation.

# DWIA with Local Optimal Fermi Averaging t-matrix (DWIA-LOFAL{)

@ Green's Func. Method + Reaction Point Deps. of t-matrix

i =4 1 |,
Ry(Ey) ——Im £(r) T +Z.Ef(" )
Y Y

d’o _ PrEx
dEKdQK (21‘(‘)2\/.

1nc

Ry(Ey)

Response Func. Local t-mat. Green's Func
_Jdpy 1(5.0p(py)8(p,(r)+ p,(r) = py(r) = p(r)) :

f(r,w,q)= El:\/pf—i-m:‘(r)zzmi—ki—l-Vi, m(r)=m+2m.V (r)
[dpy 0(py)89(p,(r)+ p,(r)=ps(r)—p(r)) 2m,

@ After careful treatment of
K+ potential, Elementary cross section, Angular distribution, ....

we analyze the recently measured X~ production spectrum
(Saha, Noumi et al. (KEK-E438), PRC70('04)044613)
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2 Potential in Nuclear Matter

d2 o Maekawa, Tsubakihara, AO, EPJA 33(2007),269.
Maekawa, Tsubakihara, Matsumiya, AQ, in preparation.
dE. dQ,
? 2 T T T T T
- s _ °
2 *8Si(r" K") * U.(p,) ~+15 MeV —i 10 MeV
= 1.5 | p=1.20(GeV/c), 6 (deg.) , £ _ X .
£ ws p i, | with Woods-Saxon potential,
S o1 DD-A === T no Atomic shift fit
~
= 0.5
S %
o
N'ﬁ 0 1wn~'?‘" ] ] 1 1
-50 0 50 100 150 200 -.
-By (MeV) S [ | ‘ | |I II1 ;:I '| H"*.,
3—20‘| |I,x | |I I'I \
- | | '.
}: 30 | |I -\ | ‘ I|I
- 40 | 'I \ | lI .
L2
_ . OF= 2,5,10 2[3,5[}
L = -50 ‘ I /D T
T -20 0 20 40 60 80 100 120
V, (MeV)
Qs P 2 °
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= Potential in Nuclear Matter

s Currently accepted value: U_ ~— 14 MeV

Twin hypernuclear form., Spectrum shape in the bound state region
(Aoki et al. PLB355('95),45; Fukuda et al. PRC58('98),1306; Khaustov et al.
PRC61('00), 054603)

8 Absolute values of "C(K",K*) spectra — Still Difficult to Understand

# Large q — Spectrum may depend on detailed nuclear structure
50

0 (Coupled Channel AMD)

Bl g B
L[ o K 50 [ a0spy, wipg T | a0
| mx=1.80Gevic o 60 k J:f,_ {30
BT 6 dag., AE=0 MeV % 40 | ar ol ., A | 20
Y i s
» % 20 T 10
z B Or = 0
Z 40 %Cu - k {{ “TAl k 40
E > 301 oL -4, "1 30
5 D \"1: 2{' M ° l
3 = 10 atsumiya, et al.
. -
I =
& o3
2 o
) O
o
&

Let's wait for

13 12 11 1.0

"0 25 2 15 10 5 0 5 10 13 K* Momentum (GeV/c) J'PARC l‘eSllltS

B-iMeV)

M*ekawa,_ Tsubakihara, Matsumiya, AO, arXiv:0704.3929.
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“Stars” of Hyperon Potentials (A la Michelin)

s U(p)~ —30MeV £3E3E73 wL

@ Bound State Spectroscopy + Continuum Spectroscopy
s Uyp,) > +15MeV ERER

@ Continuum (Quasi-Free) spectroscopy
with Local Optimal Fermi Averaging t-matrix (LOFALt)

@ Atomic shift data (attractive at surface) should be respected.

s U (p)~-14MeV &3

@ No confirmed bound state, No atomic data,
High mom. transf., .... — Small Potential Deps.

@ Continuum low-res. spectrum shape — — 14 MeV

@ Spin-Isospin deps. ( ® exch.) — Deformation
— Spectrum shape may be modified.

e N Ohnishi, CNS-EFES08, 2008/08/26-09/01 39
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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, Ohnishi, Tsubakihara, Sumiyoshi, Yamada, J. Phys. G 35 (2008), 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)
Coupling ~ Quark Number Counting

gMB a q W p O

N 10.0289 0 126139 4.6783 0

A 6.21 6.67  8.41 0 —5.95
SM v (|43d[621)] 667 841 29,y —5.95
IOTSY = |B|3.49)] 1235  4.20 163 —11.89

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

Ohnishi, CNS-EFES08, 2008/08/26-09/01 40



Tolman-Oppenheimer-Volkoff (TOV) equation

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

___— P(r+dr) gg C(E/(_:E + P/(:j)(M + —L’JTT'SP/HE)

GEMSOMYE | G T T 21— 26M/r D)
P(r)

- M a1 g did

e : ——=4nr e/c . =

crrEn ey dr gt dr de dr
— g B0/ MO dP dP

Non-Rela. 4~ ~ r2

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

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

Ohnishi, CNS-EFES08, 2008/08/26-09/01 41
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Neutron Star

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada, J. Phys. G 35 (2008), 085201

8 Hyperon Effect is DRASTIC
@ Mmax=2.1 Msun — 1.56 Msun
@ Composition Y, ~Y_
@ Large fraction of =

# Thermal (free) pions can admix
atp>1.50p,

Mentron Star Matter

i Sﬁen [INepl} I

s 0.1 1 (fm?)
T2 )
2 15 | v —
g 1 " Shen (Nep) - - -
72 NYey —
Z 0-5 i NYTCE“, ......
0 NY(Att.)ep ——
! " A . . .
10" 10" 10'6 0 02040608 1 1.21.4
°QS Central Density (g/cc) pp (™)
AN

Shen

Schaffner

| “Mishustin

YITP Kyoto I30
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Finite Temperature and Supernova

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada, J. Phys. G 35 (2008), 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

10" E- _ |_' e — 15 Msolar

; 1"'4 | ':a' 9 npe‘YTE(H)
10°° | s 8 -
10® % I
10" bt — S 6
ll]-l i p--- E 5 . . . :

SR / ;-: o 02 04 06 038 1
T ? 7 -E[,__+:E[', — Time (sec)
108 k-7 7 NYme | oo WW95 + 1 Dim. Hydro.(Sumiyoshi, Yamada)

0 71 n.? 0.608 1 1.2 14
2 py (fm™) Low density and High Ye
e Py 3p, suppresses Hyperons in the Early Stage
HF
YITe Koo Ohnishi, CNS-EFES08, 2008/08/26-09/01 43



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 orp, >3 p,

Hyperons would be important in Late Stages
Proto neutron star cooling, Black Hole Formation

NYe, Y =0.4

100

T (MeV)

4 05
Prompt Expl. (15 Msun)

YITP Kyoto I30
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Hyperons during Black Hole Formation

# Hyperons appears abundantly during Black Hole Formation Processes
@ Off-Center: Large T — X > =

@ Center: Largep, > X <ZE

E '_ I B T ] T j [_-T- 1 n = ;
107 E A i g
1{] B | | | | | | T 1 f i ED‘ : E— ...-._:-:-r,-_ _-- '-'-._ :
sf PUOYgem]y | e S T -
- 60 |- - i R T A T .~
- - _F s AT
or 7 i 107 ER\ =
- - 40 = — 4 :ll. L =
4 _— — i : i I| i :
- B _-l_ . Y L il
S - 107 - ' (A =
B 20 = 0 Lo =
ir ] % B - L o =
" e I a :
0 TR I T - 0 T -.H:I-E I [ E| it | I I \ I I
0 10 20 0 10 0 10 20
radus [lm] radus [lm radius [km)]

Sumiyoshi, Ishizuka, AO, Yamada, Suzuki, ApJ Lett., submitted
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Summary (1) of Lecture 2

# Hyperons are included in the Relativisitic (Shen) EOS
with recently accepted Hyperon Potentials in Nuclear Matter,

U, =-30MeV, U _=+30MeV,U_=—-15MeV

http://nmucl.sci.hokudai.ac.jp/~chikako/EOS
p =10%*(5.1-15.4) g/cc, T=0-100 MeV, Ye=0-0.56
(Ishizuka,AO,Tsubakihara, Sumiyoshi,Yamada, J. Phys. G 35 (2008), 085201)

. [T Firy
EOSY b ; IOTSY Fr4AEl BEME RAY BN FeoT=0(F v=alll ~AFE

. - = ’l\ W hifes /e | m0 i, hokwda| 8o, " chikako/BOS.

. Supsrrova Matier EOS fabbe B tabins [¥]

. Hyperon effects: Relativistic EOS table including hyperons and pions
Decisive in Nstar

Small in SNe (early)
Significant in BH formation.

nded Sigma-H
atlon as Shen EOS5 table, physical quantities
mits. Therefore if you have already used Shen
essed direciores are made of iwo files ==

# Japan Proton Accelerator
Research Complex (J-PARC)
data will come soon.

Stay Tuned !

e AL Ohnishi, CNS-EFES08, 2008/08/26-09/01 46
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Nuclear Transport Models
for Heavy-Ion Collisions

and Collective Flows

Ohnishi, CNS-EFES08, 2008/08/26-09/01
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Heavy-Ion Collisions at Einc ~ (1-100) A GeV

# Study of Hot and Dense Hadronic Matter
— Particle Yield, Collective Dynamics (Flow), EOS, .....

AGS

SPS

JAMming on the Web, linked from http://www.jcprg.org/

Ohnishi, CNS-EFES08, 2008/08/26-09/01
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Nuclear Mean Field

# MF has on both of p and p-deps.

@ pdep.: (p, E/A)=(0.15 fm3, -16.3 MeV) is known
Stiffness is not known well

@ p dep.: Global potential up to E=1 GeV is known from pA scattering
U(p,y, E) =U(py, E=0)1+0.3 E

# Ab initio Approach; LQCD, GFMC, DBHF, G-matrix, ....
— Not easy to handle, Not satistactory for phen. purposes

8 Effective Interactions (or Energy Functionals):

Skyrme HF, RMF, ... UE)=U(0)+0.3E

OOOOOO

100 : /
/

0

> CM:‘,
Usep(

Sky+mom&M —
Sky+mom(S 50
hE: .ﬁf

*SE;+++

(ia+p+ Cex(1 herm ——
(ii): C., ) term
(i}+(ii): Sky+mom (atp,) ——
. Hamla et a|7 .

50

-100

0 200 400 600 800 1000 1200 1400

=(0,15 fm3, -16.3 MeV) L

# Ohnishi, CN.fEFESOS, 2008/08/26-09/01 49



HIC Transport Models: Major Four Origins

8 Nuclear Mean Field Dynamics

@ Basic Element of Low Energy Nuclear Physics,
and Critically Determines High Density EOS / Collective Flows

@ TDHF — Vlasov — BUU
8 NN two-body (residual) interaction

@ Main Source of Particle Production

@ Intranuclear Cascade Models
8 Partonic Interaction and String Decay

@ Main Source of high pT Particles at Collider Energies

@ JETSET + (previous) PYTHIA (Lund model) — (new) PYTHIA
#8 Relativistic Hydrodynamics

@ Most Successful Picture at RHIC

Ohnishi, CNS-EFESO08, 2008/08/26-09/01
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HIC Models: History

1970's~
TDHF Cascade Jet+String Hydro
Yoo Classical
1980°s Coll. / e
+Gau.ss. Vlasov Kl BUU |~ (eomegry
+Collision
}  Anti Sym. QMD
1990's~
AMD RMF l }
| RBUU | [romp || [[H1IIING
AMD-V / / Y
AMD-QL VY 3D Hydro
2000's~ UrQMD
BEM ' JAM AMPT ‘
HSD / \ Hydro+Jet
JAM RQVMD/S ; l
_ +
Hydro+JAM IFS

Ohnishi, CNS-EFES08, 2008/08/26-09/01
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TDHF and Viasov Equation

# Time-Dependent Mean Field Theory (e.g., TDHF) ih—L1=} b

# Density Matrix
Occ

:Z b.(r)pi(r) p,, = f (phase space density)
s TDHF for Density Matrix

0
lh@ [h p] - a{ { W’f}PB_I_O(h)

& Wigner Transttormatlon and Wigner-Kirkwood Expansion
(Ref.: Ring-Schuck)

0,(r,p) Efd3sexp(—ip°slh)<r-|—s/2|O|r—s/2>
(AB)y=Ayexp(ihA)B, A=V '.-V V' .V, (V'acts on the left)
| A,B],=2iA,sin(hAI2)B,=ik|A,, B,},,+O(R)

. Ohnishi, CNS-EFESO08, 2008/08/26-09/01 52
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Test Particle Method

# Vlasov Equation

of
Ly s

# (Classical Hamiltonian

_of

at—l—va VUVf 0

2

hy(r.p)=5—=+U(r, p)

# Test Particle Method (C. Y. Wong, 1982)

= AZN:O5< ) ( ) - dri_Vh i v
_NOi T / P dr rew

Mean Field Evolution can be simulated
by Classical Test Particles

— Opened a possibility to Simulate High Energy HIC
including Two-Body Collisions in Cascade

Ohnishi, CNS-EFES08, 2008/08/26-09/01 53



BUU (Boltzmann-Uehling-Uhlenbeck) Equation

8 BUU Equation (Bertsch and Das Gupta, Phys. Rept. 160( 88), 190)

LvV, [~V UV, =1l /]
d’ p,d
]coll[f :__f p2 dO_

(21 h) 200

X [ffz(l f3>(1_f4)_f3f4(1_f)(1_f2>]
# Incorporated Physics in BUU 1.
J3

@ Mean Field Evolution

@ (Incoherent) Two-Body Collisions

@ Pauli Blocking in Two-Body Collisions /T

I,

O One-Body Observables (Particle Spectra, Collective Flow, ..)
X Event-by-Event Fluctuation (Fragment, Intermittency, ...)

Ohnishi, CNS-EFES08, 2008/08/26-09/01 54



Comarison of TDHF, Viasov and BUU(VUU)

# Cat+Ca, 40 A MeV
(Cassing-Metag-Mosel-Niita, Phys. Rep. 188 (1990) 363).

Ohnishi, CNS-EFES08, 2008/08/26-09/01 35



Relativistic Mean Field (Il)

8 Dirac Equation (iya—yOUv—M—US)quo, U=¢g.w , U=—g 0

# Schroedinger Equivalent Potential

E-U,~M-U, io-V (f):O o s
—io-V —E+U,-M-U,J\&
S 100 | NL3*(present) —
E E © / Hama et al.(Exp.
UsepNUS+_UV=_g00-+_gww = 50 ¢+ / el ( p)
m m “'E‘_
g, E &. %
=—29 54 = 2% =) 0+
mi_ ps m mi pB
-50

D05 1 15 2 25 3 35 4 45
Exi,(GeV)

Saturation: -Scalar+Baryon Density
Linear Energy Dependence: Good at Low Energies,
Bad at High Energies (We need cut off !)

1S (Sahu, Cassing, Mosel, AO, Nucl. Phys. A672 (2000), 376.)
Ohnishi, CNS-EFES08, 2008/08/26-09/01 56
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Phenomenological Mean Field

# Skyrme type p-Dep. + Lorentzian p-Dep. Potential

O(p2 ﬁ py—|—1
v=) V.=|dr|=|—|+
2.V= "2( ) y+1()

Py Py

C. fr,p)f(r,p")
2p, 1+<p—p')2/ui

+Zkfd3rd3pd3p'

1ﬂ0 T T T T T T T 30
Aich(K =380 +
Aich(K=200 f /
K=300
99 - Sky+mom{H) —— F
20 . Sky+mom?u|] — f;‘/
Sky+mom(S
&
<] i~ 10
= > i/
b 0 § f /
o) 5 K y
> o (i) o+ B + Co, Vterm o %*’i;\ |
50 ¢ (ii): G, ) term . i
(i}+(ii): Sky+mom (at p;) -10 e f’ ¢
Hama et al .
100 ! 0 | |
0 200 40(] 500 800 1000 1200 1400 0 05 ] 15 . 25 3
E|ap(MeV) 0f0n

Isse, AO, Otuka, Sahu, Nara, Phys.Rev. C 72 (2005), 064908
# Ohnishi, CNS-EFES08, 2008/08/26-09/01 57




Exercise

# Prove that the spatial integral of the Wigner function f(x,p) gives a
momentum distribution of nucleons.

# Prove that the Wigner function with test particles satisfy the Vlasov
equation when the test particle follows the classical EOM.

# Prove that the collision term does not change the Wigner function in
equilibrium.

# Ohnishi, CNS-EFES08, 2008/08/26-09/01 S8



Collective Flow and EOS': Old Problem ?

# 1970's-1980's: First Suggestions and Measurement

@ Hydrodynamics suggested the Exsitence of Flow.

@ Strong Collective Flow suggests Hard EOS
s 1980's-1990's: Deeper Discussions in Wider E_ Range

@ Momentum Dep. Pot. can generate Strong Flows.
@ Einc deps. implies the importance of Momentum Deps.

@ Flow Measurement up to AGS Energies.

# 2000's: Extention to SPS and RHIC Energies
@ EOS is determined with Mom. AND Density Dep. Pot. ?

‘ Old but New (Continuing) Problem ! I

Ohnishi, CNS-EFES08, 2008/08/26-09/01 59
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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

X
t UE > ():
In Plane V2 <0:
Qut of Plane
#‘}: #‘F

Ohnishi, CNS-EFES08, 2008/08/26-09/01 60
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Side Flow at AGS Energies

# 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.)

prn.ax"fpl:}: ~2 -3 =5 =7
T T "Ré"l-'j'l'-.l '_.'_'"" __'"I UL L UL L
RBUU CASCADE —— e [ © Elg;r.r#c Ball ]
EEFGD i FOP| —— - | O EOQS TN K=380MeV
0.3 - ®E895 s e
3 Eﬁig e 5 » EB7T 1
=200 | - ! s
N = EQS —— [CRa! 300
S '-'-}1 - - 210
AR 100 w ot [ Pt -
I 0.1 1 10 100 | o -
~ Beam Energy (GeV/A) 0.1 05 1.0 50 10.0
E' EhEﬂI‘I'I'IrA {GE‘V]

*\?QS inc
Ohnishi, CNS-EFESO08, 2008/08/26-09/01
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Elliptic Flow
# What is Elliptic Flow ? — Anisotropy in P space

# Hydrodynamical Picture

@ Sensitive to the Pressure Anisotropy in the Early Stage

@ Early Thermalization is Required for Large V2

Out-of-Plane Flow p2 _ pl
y (v,<0) v,=(——=>)=(cos2¢)

L \T/‘ Pt D,

X

In-Plane Flow
v, > 0)

/|\

Ohnishi, CNS-EFES08, 2008/08/26-09/01
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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

(k.1

0.05 |

Au (X A GeV ) Au

min. bias b <7 fm
0 <y o= b2

UrQMD oty 21 3
' 0.05} ] o .
1o ' ' " RBUU a ]
RBUU %3] . -
. ] DATA -e- GPDD A SV . S —
1 0.05 ] i r :
I J__.(-Jil—_ #- — F$ i DATA 1
0= = 0,05+ o Plastic Bal
210 o EOS
0.05 - I:b Au11.6 A Ge\ic)+Au - e EBY5
| b= 6 fm, abs{yem/Ypr) @ 0.2 010 300 o ¢ E877
0.1 ' L L L L K=380 MeV .
® Lascade 0 2 4 6 & 10 12 I I DU B B
B Fotential
* TFR95.FaT7 0.1 a5 1.0 50 100
10 12 Epeam/A (GeV)
Ohnishi, CNS-EFES08, 2008/08/26-09/01 63
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Elliptic Flow from AGS to SPS
a8 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 —

0.06

0.04

0.02

-0.08

> 0r

ﬁﬁﬂ!

MF for Res

Proton v, for AGS to SPS Energies

AGS

SPS

E,.. (AGeV)

YITP Kyoto XN
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Dip of V, at 40 A GeV': Phase Transition ?

0.15
s Dip of V, at 40 A GeV may s
be a signal of QCD phase g Mﬁg
transition at high baryon i:
density. 0.05F

( Cassing et al.) 01

s However, the data is too i
sensitive to the way of the Mﬁg
analysis (reaction 'E
plane/two particle 0.05F
correlation). 01

@ We have to wait for better v
data. .

0 C

-EI.[I.'S;

-ﬂ . 1 1 1 1 1 1 1 1 1 L
2 15 1 05 0 05 1 15 2
rapidity

Ohnishi, CNS-EFES08, 2008/08/26-09/01



Flow and EOS; to be continued

# In addition to the ambiguities in in-medium cross sections,
Res.-Res. cross sections, we have model dependence.

@ RBUU (e.g. Sahu, Cassing, Mosel, AO, Nucl. Phys. A672 (2000), 376.)

+ In RMF, Strong cut-off for meson-N coupling in RMF
— Smaller EOS dep.

@ Scalar potential interpretation in BUU
Larionov,Cassing, Greiner,Mosel, PRC62,064611('00), Danielewicz, NPA673,375('00)

e(p. p) = VIm+Us(p, p) + p* =/m>+ p> + U(p. p)
+ Due to the Scalar potential nature, EOS dependence is smaller.

@ Scalar/Vector Combination Danielewicz, Lacey, Lynch, Science 298('02), 1592

P

P Tt
glp,p)=m+ dp'vi(p’, o)+ Ulp), vip.p)= 5 = >
+ Relatively Strong"EOS dependence even at high energé‘” +1m*(p. p)]

@ JAM-RQMD/S Isse, AO, Otuka, Sahu, Nara, PRC 72 (2005), 064908
+ Similar to the Scalar model BUU

. Ohnishi, CNS-EFESO08, 2008/08/26-09/01 66
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Backups
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Summary

# Nuclear Matter EOS is important in many subjects of nuclear physics.

@ Bulk nuclear properties (B.E., radius)

@ Dense Matter in Compact Astrophysical Objects
( Neutron Star Core or Black Hole formation)

@ High-Energy Heavy-lon Collisions
# There are many unsolved problems.

@ Which kind of terms should be added in RMF Lagrangian ?
Can we blush it up at the level of N.R. Nuclear Density Functional ?

@ Which kind of matter (or phase) appears in dense matter ?
Can we access the phase transition in the high p  direction through Exp't?

@ How do hadron resonances contribute to EOS at high T ?
What is the final form of the transport equation ?

* Ohnishi, YITP Collog., 2008/05/28 68



Which phase is realized in neutron stars ?

# Physics at J-PARC ovpiomens
— Decisive Information of Neutron Star Matter ey

with
From Quark many-body system in Lab. to Dense QCI):s, .| || — fitresut
: - p—ee
A w—e’e
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star
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Particle Composition in Neutron Star
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Hyperons during Black Hole Formation
8 T39I HR—IERBREICENAROVIEKREEHFE
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Skyrme Hartree-Fock

c.f. Lecture by Nakatsukasa; See E.g. Ring-Schuck for details

# Zero-Range Two- and Three-Body Interaction
v,.j:toé(rl.—rj)#—%[é(ri—rj)k2—|—k25(rl.—rj)]
+1,kS8(ri—r )k+iW, | o,+0,|xX5(r—r,)k
-2 (V~V))

Vi=1ts §(ri—r;)o(r, —rk)
# Energy Density (Even-Even, =7)

: ik,
H(r)= 72 T+§top2+ 1 t,p *+Deriv. terms —p|= 3 l "'itop"' ! p’
2m”(p) 8 16 ° 5 2m (p) 8 16
R 1
=2 |1V i2 ——=— 3t,+5¢
Zl| ¢/ om’(p) 2m 16( 1 )P

Problems in Skyrme HF (in Dense Nuclear Matter/High Energy)
Repulsive Zero-Range 3-body Int.: — Causality Violation
Energy Dep. = Linear (m* term) — Too Repulsive at High E

Ohnishi, CNS-EFES08, 2008/08/26-09/01 72



Relativistic Mean Field (1)
Serot-Walecka, Walecka text book.

# Describe nuclear energy functional in meson and baryon fields
@ Fit B.E. of Stable as well as Unstable (n-rich) Nuclei
@ Has been successfully applied to Supernova Explosion
@ Three Mesons (6,0,p ) are included

@ Meson Self-Energy Term (o0,0)

f':&N (?@ — M — g,0 — gu _9‘,«07’"ﬂL fja) YN

+ %8”08;,,0 - %m:‘;c:r? - %ggc:r3 - i9304
s L 5 | L 5 1 \2
— ZW‘“ 4 i aF Emww‘“wﬂ — ERW R, + Empp""“pﬁ + 263 (wyw”)
+1, (i — me) Ye +9,id0, — iFWF“” :
Wy =0,w, — 0wy ,
RS, = 0upl — 3,05 + gpe™ p™ p™
F.,=0,A,—0,A, . (2)

Ohnishi, CNS-EFES08, 2008/08/26-09/01 73
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Quark / Hadron / Nuclear Matter Phase Diagram

HIC (~100 A GeV))

~" Critical End Point /«%p

-
1““
*
-
o L]
L 1“-
: . QGP
*
o
TILIEL = ™

I SuperNuvaI

Early Universe

~ 170 MeV |/,

Color SuperConductor @ %

©

5~8MeV |V

. |Black Hole
e PP ~ 100 A

. i : 0
<@
L-G. Coexistence } Neutron Star
HIC (-100 A MeV), @ Strange Hadronic Matter

: Normal Nuclear Matter

Rich Structure / Astrophysical implications / Accessible in HIC
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Exercise (1)

# Prove that the spatial integral of the Wigner function f(x,p) gives a
momentum distribution of nucleons.

# Prove that the Wigner function with test particles satisfy the Vlasov
equation when the test particle follows the classical EOM.

# Prove that the collision term becomes zero (i.e. gain and loss terms
cancel) in equilibrium.

# Prove that the TDVP (time-dependent variational principle) gives the
Schrodinger equation when the wave function is not restricted.

# Derive the collision term for bosons, which disappears in equilibrium.

8 (ADVANCED) Prove the relation of the commutator and Poisson
bracket. (It takes a long time ....)

8 (ADVANCED) Prove that the Wigner function can be negative.
(Therefore, the probability interpretation is not always possible.)

# Ohnishi, CNS-EFES08, 2008/08/26-09/01 75

g



Exercise (4)

# Prove that the single particle potential with SKyrme interaction has a
linear dependence on energy. From NA elastic scattering, the energy
dependence is found to be

Up,, E)~Up,, E=0) + 0.3 E

at low energies. Obtain the value of m*/m which explains the above
energy dependence.

# Obtain the form of the Schrodinger equivalent potential in RMF. You
will find that the spin-orbit potential appears as a sum of scalar and
vector potential.

# Ohnishi, CNS-EFES08, 2008/08/26-09/01 76



Nuclear Matter EOS and Nuclear Binding E in TM
Sugahara-Toki, NPA579 (1994), 557.

# Example: TM1 parameter set
@ Nuclear Matter: 64 and ®4 terms soften EOS (K ~ 280 MeV)

@ Finite nuclei: Explains B.E. from C to Pb isotopes

Symmetric Nuclear Matter EOS ') pre pEEM SAF N ~
i M7 Ca ?};1 . |
80 8 Cf B Si}é Zr Sn —
ff{. % ! / Pb
:.—-. ﬁ{} T ..:III i'fll :
% 40 | j \
< 2 St 1/ N
s i |
= 0 ; 50 exp. *
{ SCL —
| i I1 an e
-20 | sl TM1 and 2
0 0.1 0.2 03 3 04 05 0.6
— 3 ud 1 1 1 1 1 1 1
PB (f[[l } 5 15 25 35 45 55 100 150 200
c.f. SCL=Chiral RMF witl\log o term.
QS (K. Tsubakihara and AO, 2007)
A
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Single Particle Energies
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Chiral SU/(3) RMF

Tsubakihara, Maekawa, AQ, EPJA33('07)295 [nucl-th/0702008]
# Extention to Flavor SU(3)

— Chiral Potential from SCL-LQCD "N o - A~
. il o SYCAaNI Ar S
+ Determinant Int. (U (1) anomaly) - G T o
+ Explicit breaking term e
Uysec = — a log(det MMT) + btr(MM?) 5 Curstsoe =
: 30 —t :
+ g0 + ¢ +d(det M + det M, A 5
P
1” -
. - d
# Normal, Single & Double A, X atom, % i
EOS (~ FP), .... = 10
e p— |, hiral SUGH) —
60 'SC};I"; 1000 |—+——+ o+
= : i b 10-59
% 4" _ i 111 } f
E, - 4-=3 : I
<20 =100 } 5.54 -
2 RN Chiral SU{3)(SR) —e
o Chiral SU3WR)
.2“ - N:Z _I" ' . [':H]_)_I I_Il
& 0d 0'_2 0"3 0"4 Y 0 5 10 15 2‘1[:jl 25 30 35 40
P (fm-:i} A
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Directed flow v, at SPS
Isse, AO, Otuka, Sahu, Nara, PRC 72 (2005), 064908

a JAM-RQMD/S
@ p-dep. (indep.) MF suppresses (enhances) v, . v1=<cos ([)>=< px/ pT>
@ “Wiggle” behavior appears with p-dep. MF at 158 A GeV.

015 - p_dep.

010 - 40 AGeV Proton

p-indep | ‘l

40 AGeV Proton

dep. | prindep. |

AGeV Proton -+ 158 AGeV Proton
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Chiral Symmetry

# Good (approximate) Symmetry in QCD

@ In Flavor SU(2), only the small current quark mass term breaks chiral
sym.

@ Should persist also in the hadronic world

@ Explains the small mass of pions, as Nambu-Goldstone particle of the
chiral symmetry, and many other low energy hadronic properties.

# Schematic model: Linear ¢ model

@ Wine bottle shape of the effective potential
— Spontaneous breaking of y symmetry

@ Expectation Value of 6 — Nucleon Mass
| A T
L:E(éuU@“U—I—@un&”n)—Z(Uz#—nz) +%(02—|—Tr2)+ca

+Nid,y*N—g,N(o+imTy|N

* Ohnishi, CNS-EFES08, 2008/08/26-09/01 81



Chiral Linear o Model at Fintite pg (1)

T. D. Lee and G. C. Wick, Phys. Rev. D 9 (1974), 2291.

# Serious problem:
Sudden chiral phase transition at relatively low baryon density.
(Below pg if 6 mass = 600 MeV)

0 0.2 04 0.6 0.8

pr (fM™)

Ohnishi, CNS-EFES08, 2008/08/26-09/01 82
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Chiral Linear o Model at Fintite pg (1)

# “Vacuum” condition = Energy Minimum State

A 2
VZVU—I—EN:Z( 2-|-‘IT2) —g—((fz—l—rrz)—ccf

yd3p 2 Y.
+f<2n>3 Vp'+(g,0)

oV oV,
00 OO

@ Large Nucleon Energy Gain for small <6> due to mass decrease.

_)

+g,p,=0

Ohnishi, CNS-EFES08, 2008/08/26-09/01



S Mot HH

e (m_ =600 MeV, pg=0-3 py)

1000

(o]
o
o

600 |
400 |

200 -
0 = e

-150 -100 -50 O 50 100 150
o (MeV)
# We cannot avoid this sudden change even if we introduce ®
meson-Nucleon coupling (indep. on <¢>)

+ Why do RMF models succeed ?
4\903 + How about NJL model ?

e (MeV/Am™)

Ohnishi, CNS-EFES08, 2008/08/26-09/01 84
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Chiral Symmetry

# Good (approximate) Global Symmetry in QCD
g—q'=expliy0,1t.)g — qy g=invariant
@ Only the current quark mass term breaks chiral sym.

@ Should persist also in the hadronic world

@ Explains the small mass of pions, as Nambu-Goldstone particle of the

chiral symmetry, and many other low energy hadronic properties.
(Y. Nambu and G. Jona-Lasino, Phys. Rev. 122('61),345; Phys. Rev. 124('61),246.)

# Schematic model: Linear ¢ model
(M. Gell-Mann and M. Levy, Nuovo Cimento 16 (1960), 705.)

@ Wine bottle shape of the effective potential
— Spontaneous breaking of y symmetry

@ Expectation Value of 6 — Nucleon Mass

2
L:%(auaa“mr@un@“n)—%( 2+Tr2)2+%(02—|—7‘r2)+60

+Ni8uy“N—go_N(U—l—iTrTy5)N

# Ohnishi, CNS-EFES08, 2008/08/26-09/01 85
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RMF with Chiral Symmetry: Chiral Collapse (1)
T. D. Lee and G. C. Wick, Phys. Rev. D 9 (1974), 2291.

# Serious problem:
Sudden chiral phase transition at relatively low baryon density.
(Below pg if 6 mass = 600 MeV)

— “Chiral Collapse” or “Lee-Wick Vacuum” problem

£ {MeV/fm?’l)-_l cee==oug

0 0.2 0.4 0.6 0.8
2 828 2 826

m’=——l,. (Large), m’=——|, . (Small)  pr(fm™)
(F0S o 0Tt
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RMF with Chiral Symmetry: Chiral Collapse (2)
# Naive Chiral RMF models — Chiral collapse at low p (Lee-Wick 1974)

# Prescriptions

@ oo coupling (too stiff EOS) (Boguta 1983, Ogawa et al. 2004)

@ Loop effects (unstable at large o)
(Matsui-Serot, 1982, Glendenning 1988, Prakash-Ainsworth 1987, Tamen
aga et al. 20006)

@ Higher order terms (unstable at large o) (Hatsuda-Prakash 1989, Sahu-
Ohnishi 2000)

@ Dielectric (Glueball) Field representing scale anomaly
(B.E. of nuclei are not well described)
(Furnstahl-Serot 1993,Heide-Rudaz-Ellis 1994, Papazoglou et al.(SU(3))
1998)

@ Different Chiral partner assignment
(DeTar-Kunihiro 1989, Hatsuda-Prakash 1989, Harada-Yamawaki 2001,
Zschiesche-Tolos-Schaffner-Bielich-Pisarski, nucl-th/0608044)

@ Nucleon Structure (Quark Meson Coupling)
(Saito-Thomas 1994, Bentz-Thomas 2001)

Ohnishi, CNS-EFES08, 2008/08/26-09/01 87



RMF with Chiral Symmetry: Chiral Collapse (3)

8 ¢* Theory (Gell-Mann, Levy) — Collapse

= ]
(@Y _ A pzz L 9.9 o g My — My
| b —!Ir:s - RVt gmee” — fompo . A= —F—

# NJL (Quark Loop) — Collapse

® i . .',I'l._g.',l'l.-l' _1"2 F; .?'I I. I 1':'] I _1‘2
o L;”-”'E F A (ﬂ_{f) — fomic fo(®) = — -L:EJ [([ . TJ vi1+zt—1-— 5 lng_-:( E

# Baryon Loop (Matsui & Serot) — Unstable at large ¢

= = 5o 4 F 1 pl 5 1 7 3
”””—" — f2Y —Mpyfauld/fr)  falz) J—hr gr’ — -+ — =1
. § 1 el . | 4

# Higher order terms (E.g. Sahu & Ohnishi)

@™ — "2 = I' feal(d/ fx) faalz)

a8 Log type term from scale anomaly (Furnstahl, Serot; Heide et al.)

8 Log type term from SCL-LQCD (Tsubakihara & AQO)

— | n -.
r8CL r i . i . .
vV, Wlo,m) —c,0 5 b — i, log @ — e, T

Ohnishi, CNS-EFES08, 2008/08/26-09/01
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RMF with Chiral Symmetry: Chiral Collapse (3)

# Most of the attempts do not

work well.

- £ 8

g g

: .

ENV (MeVim™)

= £

z g

Energy Density at pg=i0-5) p,,
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| Boguia tg’n’)
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Chiral RMF based on SCL-LOCD

Tsubakihara, AQ, PTP 117('07)903 [nucl-th/0607046]
s BEESHEF QCD ITE T Chiral RMF $EHE!
2

U, oen(0)

u

A
—0
4

0'2—|— 4
2

— USCL((T)

1

2

@ QCD [ZETE, W1 MiEEdS . FREEEEL,
o DIENBDINTGA—ET, BYE-RFED/NIVIEEEZE SR

ion Of State

9

b o' —a, logo

. Eqat 0 '._#,.H:T"" N,
Bhggtg — 8rAficaNi Zr sn sty |
> AN
60 _ TM1 ----- g ? _ilf: 'Si Q T T T T Ph
S 40 | SCL-SU(2) — E 1_ . phea,
% % 0 T: { 7t '/EJ:\"‘ }/ Ca |
= 20 iy J I ‘ ,.’J -;;;-___ Si |
3 55 .
0 & | C A0
20 | 4 H exp. X FCo , ,
i . . . . . ™1 aﬁdé 10 20 30 40 50
0 01 02 03 04 05 06 °3 = pr s -
pr (fmi) A
> s = —
‘ QCD MoRFZDIZEEAEBIZEZASE—S ! I
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Binding Energies in Chiral and Non-Chiral RMF

# Non-Chiral High Precision RMF: TM1 & 2, NL1, NL3
(Sugahara, Toki, 1994; Reinhard et al., 1986; Lalazissis, Koenig, Ring, 1997)

# Log term from Scale Anomaly: 1/110, 1F/110, VIIIF/100
(Heide, Rudas, Ellis, 1994)

# Quark Meson Coupling model
(Saito, Tsushima, Thomas, 1997)

B/A (MeV)

Noclens exp. 5CL TM1 2 TM2 NL1 NL3 I/110 IF/110  VIIIF/100  OQMOC-I

o 7G8  T.00 - 768 - - - - - -
B0 TOE8 B.06 - 792 T7O4% BO0O5 7.3% 786 T.18 584
i 2.4% 802 - 8.47 8.24 - - - - -
s BEY BET B62 B48 8% BEE  TO6 235 7.01 7.36
B  BGBT BG2 EBGE O BTD  E6D  B.GH - - T.946
BRI 573 B51 864 - 270 B.G8 - - - -
A s 871 869 BT1 - 871 B8.70 - - - 7.79
18gn,  BK2 HEl B53 - 852 Bl - -
\¥®phL TBY TET TAET - 780 - - -
™pn 78T T.BT TAT - 780 788 7.33 T.54 7.44 T.9%
Ohnishi, CNS-EFES08, 2008/08/26-09/01 91
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I Strong Coupling Lattice QCD I

Ohnishi, YITP Collog., 2008/05/28
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Strong Coupling Limit of Lattice QCD

# SCL-LQCD has been a powerful tool in “phase diagram” study !

@ Chiral restoration, Phase diagram, Baryon effects, Hadron masses,

Finite coupling effects, .... 1.2 ————
=() =\
2 1 ’a 0.2 —
0.5
________ o0 0.8 t 0.6 -
[ | --_‘% = i :.- i J
e x\\ E 0.6
s 8 _ 0.4
5 g 1 c#0 T CP_l m=0.4
_E o CEP 0.2
5 @ ]
- ( 001 02 03 04 05
0 : - - WT,
0 ‘ 23 Kawamoto,Miura,A0,0hnuma,
Baryon Chemical Potential up PRD7S5 (07) 014502
v ’ ¢
Nishida, PRD69, 094501 (2004

1400 - : : :
Damgaard, Kawamoto, 1200 L. _ u=0, m =9.5 MeV |

Shigemoto, PRL53('84),2211

AO, Kawamoto,
Miura, 2008
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Lattice OQCD (1)

# QCD Lagrangian B
L=y(iy"D,—m,)

W—sir(F, F")

4

w = Quark, F'= Gluon tensor, m = (small) quark mass

# Lattice Action

_ p n
SQCD:SG_l_S(Ii)_l_S(I«i)_I_mOXX U+<—?Uv ¢—=0 oo
U P U;Y M=7x
SGz—% Y. Tru,(x)+c.c. ’ O<+—60
19 plaq.
S's) > ZO XU (x)X, =X, U (x)X,
X, j>
S(F”:%Z(ef‘XXUO(x)XH@—e_“XHOUg(x)xx

v = starggered fermion (quark)
U= link variable [1 SU(N ) (gluon),

n = quark chemical potential

Ohnishi, YITP Collog., 2008/05/28
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Lattice OCD (2)

# Full QCD MC Simulation
— Monte-Carlo Integral of Det (Fermion Matrix) over link var. (U)

@ Big Task!
Matrix Size= 4 (spinor) x (Color) x (Space-Time Points)
Eigen Values are widely distributed

@ Complex Weight with finite p

[ dxdXdUexp(—S,+XAX)=[ dU| 4 4N N N3

# Quenched QCD
@ Assuming Det =1 ~ Ignoring Fermion Loops
@ Works very well for hadron masses

8 Strong Coupling Limit (g — x)

@ Pure gluonic action disappears — Analytic evaluation of Fermion Det.

Ohnishi, YITP Collog., 2008/05/28 95
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SCL-LOCD: Tools (1) --- One-Link Integral

# Group Integral Formulae

f duu,_u :—d:NL5ad Ope

C

[duu,,U_ U, _1

| dU exp(—aX (x)UX(y)+

X
=[dU|1—abX(a)'U ,X"(y)X(y)

=1+ab(XX)(x)(XX)(y)+---
)+

6 ace € bdf

U S Uy

M(x) M(x+) gﬁ

B=eXXX/6 B=eXXX/6

J'dUUabUcd_Alf 6&{1’6:{7(;

1

f dU Uab U-::'d Uef 6 aceebdf

Quarks and Gluons — One-Link integral
— Mesonic and Baryonic Composites
4\"“}
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SCL-LQCD: Tools (22 - 1/d Exgansion

# Keep mesonic action to be indep. from spatial dimension d
— Higher order terms are suppressed at large d.

D (XU X)(XU;X) ——ZM M(x+7)=0(1)
—>Moc1/\/3,Xocd_1/4
X)(XU . X)> N /ZB B(x+7)=0(1/Vd)

> (XU XP(RUTXP =Y, M*(x) M (x+)=0(1/d)

J

We can stop the expansion in U,
since higher order terms are suppressed !

Ohnishi, YITP Collog., 2008/05/28 97



SCL-LQCD: Tools (3 ) --- Bosonization

# We can reduce the power in ¢ by introducing bosons

—1M2
2

1

exXp Zfd(fexp —EO'Z—O'M

Nuclear MFA: V=——;<w)<w):—zf<w)+—;zfz

——;Mz}zf d @ exp

——lcpz—icpM}

exp >

Reduction of the power of y
— Bi-Linear form in ¥y — Fermion Determinant

@QS

K\
Ohnishi, YITP Collog., 2008/05/28
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SCL-LQCD: Tools (4 ) --- Grassman Integral

# Bi-linear Fermion action leads to -log(det A) effective action
f dXdXexp|X AX|=det A=exp|—(—logdet A)|

f d X-1=anti—comm. constant=0 , f d X-X=comm. constant=1

1
N!

Constant ¢ — - log o interaction (Chiral RMF) I

# Temporal Link Integral, Matsubara product, Staggered Fermion,
— I will explain next time ....

| dxdXexp|X AX|=[ dXdX— (X AX)"="--=der 4

Ohnishi, YITP Collog., 2008/05/28 99



Effective Potential in SCL-LOCD (Zero 1)

# QCD Lattice Action (Zero T treatment)
Kawamoto, Smit, 1981

SZX"‘ Sc+myX X Strong Coupling Limit

—>—%()_<X)VM (Xx)_|_mo)_<x One-link integral

(1/d expansion¥)

1 -1 >
— EO-VM O‘-I-X(O‘-l-mo)x Bosonization

1 ~1 Fermi
— EO'VM T — NCZX: log(o(Xx)+m,) Ilf:el;l;(;il

C

= LN, . o — Nclog(5+mo)}

~

Effective Potential

Ut % Up
—»O0
U} U, O=—0
U, LU
—Jau
V., _ _
XX @~Q XX

* d = Spatial dim.

Fermion Matrix = Just a number

1
—a,0
2

N
1

‘—b_logo

— Simple Logarithmic Effective Potential for ¢

100



Effective Potential in SCL-LOCD (Zero 1)

#a Effective Pot. at Zero T

Kawamoto, Smit, 1981 Feff(c)
Kluberg-Stern, Morel, Napoly, Petersson, 1981

|
Feﬁ‘<0-):§ a,0'—b,_logo

Spontaneous Chiral Symmetry breaking
at T=0 is naturally explained !

‘ No Phase Transition ? I o)

# Grassman integral at each space-time point
in Zero T treatment
— “Temporal” Correlation -
and Anti-periodic Boundary Cond.
would be important at Finite T ! N =1T

‘ Let's go to Finite T I ”

Ohnishi, YITP Collog., 2008/05/28 101




Effective Potential in SCL-LOCD (Finite T)

8 QCD Lattice Action (Finite T treatment) Ut ¥ U, o
Damgaard, Kawamoto, Shigemoto, 1984; Bilic et al., 1992; . ._H>o
Nishida, '04; Fukushima, '04; Kawamoto, Miura, AO, Ohnuma, '07; . ? Uvﬁj\’ O=w—0

SZX-I— S(FS L+ S<Ft) +m, X X Strong Coupling Limit U, LU

1 _ . _
SE=5 2 [&X,U (X)X, .~ € "X, Ug ()X, )=X V"X au
X
V
15 ¥ v (\/t) Spatial-link integral X X MO XX
- 2<XX)VM(XX)+X(V +mO)X (1/d expansion, no B) M
1 ~1 S (\ /(1
— B oVy o+X (V( +o+ m,) X Bosonization it H G
Fermion and Temporal-link Integral e"X U, X ?
N o)
d 5 2 _
d ° Effective Potential ax,du,
0G
We need to evaluate Det. (Nc¢ x N71) -
— It is POSSIBLE ! 56

Ohnishi, YITP Collog., 2008/05/28 102



Fermion Determinant

Faldt, Petersson, 1986

# Fermion action is separated to each spatial point and bi-linear
— Determinant of Nt x N

exp (— Veff/T)ZI d Nc x Nt

= [ dU det| X \[o]@1,+e " U +(-1)"e"" U ‘Nc
I,=2(o(k)+m,)

Il E:-n'-'- I:I . E:-_l'-'-
—eH  J; eH 0
0 —e H ]q 0 . .
Iy_y &
—et D 0 - —e=H Iy

YITP Kyoto
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Effective Potential in SCL-LOCD (Time dependence...)

8 Zero T, no Baryon Kawamoto, Smit, 1981

1
vy é? = Shp ~5{962 — N, log(b® o + myg)
8 Zero T, with Baryon

Damgaad, Hochberg, Kawamoto, 1985

1
FoP) = 500 o2 + F0) (4mg®: T, )

# Finite T, no Baryon
Fukushima, 2004, Nishida, 2004

1
Fig) = gbg)gz + EP (my)

# Finite T, with Baryon

Kawamoto, Miura, AO, Ohnuma, 2007

b
Fog = ; 2+Fé§)(rrzq)—|—AFéﬁ)(jJJ)

( sinh((N +1)E(m )/T)
F.9m )=—Tlog < & +2cosh(N_u/T)

eff q .
*\?ns sinh(E (mq)/T)

Ohnishi, YITP Collog., 2008/05/28 104
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Evolution of Phase Diagram

# Phase Diagram “Shape” becomes
closer to that of Real World,
R=3 n /T ~(6-12)
@ 1985 — R=0.79 (Zero T / Finite T)
@ 1992 — R=0.83 (Finite T & p)
@ 2004 — R=0.99 (Finite T& p)
@ 2007 — R=1.34 (Baryon)

T\

Damgaad, Kawamoto, Finite T
Shigemoto, 1984 T =1.1 GeV

.~ Conjecture !

Damgaad, Hochberg,
Kawamoto, 1985

1 Finite p
1985, =200 Mev

2 —— I'T B r:ﬁ::;.g _ _
: - 200 2007 ;3
N L U I L "
] = 2 Finit T§z E 0.6 | .
" Finite I A mnite 0.4 | 5-
j gl 0.2 | n: Effects
1992 an Ny =
8.0 0.2 0.4 uy 0.6 " I 4}?; o 0 0.1 0.2 “:}1:1\ 0.4 0.5
Bilic, Karsch, Quak Chemical Fotensal 1 Kawamoto, Miura, AO,
1S Redlich, 1992 Fukushima, 2004 Ohnuma, 2007
Ohnishi, YITP Collog., 2008/05/28 105




Towards the Real Phase Diagram

# When we increase “Reality” variable,

Phase diagram “Shape” may be approximately explained.

Real World: R=3 n /T ~ (6-12)

SCL-LQCD: R=0.79-1.34
SC-LQCD with finite B (=6/g)~5 — R ~4.5

Expectation before

G alcz”d order Strong Coupling Limit

TCP
1st order

T 1 fl:.":.l ‘ : i "i

... misiis,  GEP

cross over Fodor-Katz

Baryonic Effects

Forcrand-Philipsen

L

MC / Real World

Reality (1/g°, mg, Ny, ..)  KKawamoto, Miura,
AO, Ohnuma, 2007

Calc. with 1/g’
effects |

1.5

2007 |
T

SCL (no B)

N

0.5
u
[3=6/g2 AO, Kawamoto, Miura, 2007

Gluon Contribution is
important at High T

YITP Kyoto 33,

H
g
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As a “Nuclear” Physicist ....

# Strong Coupling Lattice QCD may be a promising tool
to understand uniform QCD matter,
if “Reality” variable is enhanced

@ Strong Coupling Limit (g = c0) — Strong Coupling Expansion (g = finite)
@ Baryon Effects / Higher Order terms in Fermions

@ Staggered Fermion — Wilson/DW/Overlap Fermion

# But even if we can solve QCD for uniform quark matter,

Nuclear Physicists are not satisfied,
unless we understand NUCLEI

How can we apply SC-LQCD results
in “Nuclear” Physics ?
Effective Potential — Hadronic Lagrangian

Ohnishi, YITP Collog., 2008/05/28 107



TABLE II: RMF paramete

gcr Jn'fr gu.r Ji"!r

gon ga(MeV) g4

NL1[18]
NL3[19]
TM1[6]
SCL[20](*1)

10.138 13.285
10.217 12.868

4.976  2401.9 -36.265
4.474 2058.35 -28.885

10.0289 12.6139 4.6322 1426.466 0.6183 71.3(

10.08 13.02

4.40 1255.88 13.504 Z

(*1): g3 and g4 are from the expansion of fscr.

I, (MeV)

E/B (MeV)

Neutron star matter

+++++

0 0.2 04 0.6 {]33 1
Baryon Density (fin ™)

YITP Kyoto

Ohnishi, YITP Collog., 2008/05/28
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