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8 Introduction --- Approaches to High Density Matter

s Strong Couling Limit Lattice QCD
(N. Kawamoto, K. Miura, AO, T. Ohnuma, hep-lat/051223)

# Chiral Symmetric RMF (K.Tsubakihara,AQ, in preparation)

# Collective Flow in High-Energy Heavy-Ion Collisions
(M.Isse, AO, N.Otuka, P.K.Sahu, Y.Nara, PRC72(2005),064908;
T.Hirano, M.Isse, Y.Nara, AO, K. Yoshino, PRC72(2005),041901(R);
P.K.Sahu,AO,M.Isse, N.Otuka, S.C.Phatak, submitted)
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- Physws @ J-PARC: High Density QCD — How to attack it ?
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Physics of Dense Matter

s High T — well studied theoretically and experimentally
@ Lattice QCD Monte-Carlo simulation / RHIC, SPS
s High Density Matter— Interesting but Difficult in QCD

@ Exp't: FAIR(GSI), SPS(20-80 AGeV), AGS (10 A GeV)

@ Theor.: Weight becomes complex at finite p in Lattice QCD
— Model/Approximate approaches are necessary !

@ Monte-Carlo calc. of Lattice QCD (c.f. Ejiri's talk)
Improved ReWeighting (Fodor-Katz)
Taylor Expansion (Bielefeld U.)
Analytic Continuation (de Forcrand-Philipssen), .....

@ Approximate / Model / Phenomenological Approaches:
Strong Coupling Limit of Lattice QCD
NJL (Hatsuda-Kunihiro, ...)
Kaon/pion condensation (Lee, Muto, ...)
Relativistic Mean Field, HIC simulation
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Strong Coupling Limit
of Lattice QCD for Color SU(3)
with Baryon Effects

N. Kawamoto, K. Miura, AO, T. Ohnuma, hep-lat/051223
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Strong Coupling Limit of Lattice QCD

s Chiral Restoration at p=0. # Phase Diagram with Nc¢=3

@ Damgaard, Kawamoto, @ Nishida, PRD69, 094501 (2004)
Shigemoto, PRL53(1984),2211
2
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Previous Works in Strong Coupling Limit LOCD

s Strong Coupling Limit Lattice QCD re-attracts interests
c.f. Nakamura @ JHF Symp. for high density matter

Ref T U Nc Baryon CSC  Nf
Damgaard-Kawamoto-Shigemoto('84) Finte 0 U(Nc) X X 1
Damgaard-Hochberg-Kawamoto('85) 0 Finite 3 Yes X 1
Bilic-Karsch-Redlich('92) Finite Finite X X 1~3

3
Azcoiti-Di Carlo-Galante-Laliena('03) 0 Finite 3 Yes Yes
Nishida-Fukushima-Hatsuda('04) Finite Finite 2 Yes(*) Yes (") 1
Nishida('04) Finite Finite 3 X X 1~2
Kawamoto-Miura-AO-Ohnuma('05)  Finite Finite 3 Yes Yes(+) 1

*: bosonic baryon=diquark in SU(2)
+: analytically included, but ignored in numerical calc.

8 Baryonic Composite will be important at High Densities,
but they have been ignored in finite T treatments !
— This work: Nc = 3, Baryonic Composite, Finite T and u
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Strong Coupling Limit without Baryonic Effects
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Decomposition of Baryonic Composite Action

s Introducing Auxiliary Baryon Field

exp(B,VgB) = detVp / D[b,blexp [—(b,V5'b) + (b, B) + (B, b)]

# Decomposition of coupling of baryon and 3 quarks
with Diquark Composite (Azcoit et al., JHEP 0309, 014 (2003))

bB = % X YV XEue/6 1 _
- QY " D D makes bB
antibaryon-quark  diquark_

~2

= M* + Mbb/9* |
Bb+bB - DID,

Effective Action is not yet bilinear in fermions

% four fermi interaction terms, M° and Mbb

* diquark-quark-antibaryon coupling
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Bosonization of Four Fermi Interactions

s Mbb term — Baryon potentlal auxiliary field ®

V 3 |
exp(Mbb/9v*) = /d[w] e::-;p —w?/2 — w( “ @

@ (bb)% = 0 in One species of Staggered Fermioy
s M? and (M,V,, M) terms — Chiral

'ndensate ¢

1 1, &
S (M Vi M) = S (7" + o) M* = (u VM)

]

I.u||—

il

E*}Lp[ (UI”U}] / D[o] exp [—%(a,i?j;g)—(a, ﬂ-f)]

@ By absorbing vlass” in the Hopping 1erm,
We can replace both of the terms simultaneously !

Effective Action in bilinear form of Fermions !
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Effective Free Energy at Zero Digquark Condensate

s Effective Action Zero Diguark Condensate
_ 1 1 ~ (g m

= (B.V5') + 5(w.w) + (0, Vig'0) + (0, M) + 5 + 5 r/

+ (o', ) + i s J#—H%.wb o0, xX“X°) + (XX mcﬂ|

s After Quark, U, Baryon Integral at zero diquark cond.

]_ J_ (b] () d ‘ , -1
-Fr::ﬂ: — §HCTU + 5';’-' + F ( ?j] + -Fu-zig ({TE}') Ay = Qﬁn"} - (’.\.’:3 + ﬂ_ﬁ)
and adopting convenient parameters
(y and ® are removed),

we get an analytical expression of Effective Free Energy

2
F
}_—eﬂ'("jq} — q. | Fé?(ygﬁq) -+ F;:g‘](“j'q: T~ ;“)

20v2
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Effective Free Energy with Baryonic Effects

s Effective Free Energy

2
F
i — 4 4 p®l ~(gq) o
F{?ﬁ‘(gq) o ;-)EEQ I FEH (ygll'qu _|_FEH (gqiT’ '.“)
7
2 G[!:l} st — 1
L= ~-uh 2nd --- -
T ] TCP o 0.5
0.8 . _\\
] ‘ “ 0k
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Baryons Gain Free Energy
— Extention of Hadron Phase to Larger u !

Division o{ Physrcs
Graduate Scl

Holckaido Umz ets:ry
~ hitp://phys.s
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Small Critical p : Common in SCL-LOCD ?

s Strong Coupling Limit

@ Damgaard,Hochberg,Kawamoto
('85):
ug(0)/T (0)~ 1.6 (T=0, T#£0)

@ T#0, No B: u,(0)/T (0) ~ 1.0

(Nishida2004, Bilic et al
1992 (Bielefeld), ....)

@ Present: u,“(0)/T.(0) <1.5 1.2 om0 a0l
(Parameter dep.) I
0.8 |
s Monte-Carlo: u;(0)/T (0) >> 1 E o |
@ Fodor-Katz, Bielefeld, 0.4 1
de Forcrand-Philipsen, .... 0.2 .=
s Real World: u,5(0)/T (0) > 7 "0 01 02 .}Ta 04 03
wT,,

d
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Towards Realistic Understanding

s “Reality” Axis

@ Strong Coupling Limit — 1/g” corrections — Smaller T

@ Number of Flavors

@ Chiral Limit

— Finite m q

T1 2ndorder Strong Coupling Limit

TCP
1st order

CEP

Cross over
Fador-Katz

Baryonic Effects

Philippsan-Farcrand

MC / Real World

/ H

Reality (1/g°, my, Ny, ...)

— 2(ud)+1(s) — Smaller T

— Larger p_

Strangeness may
play an important
role to Extend
Hadron Phase

to Larger u
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Chirally Symmetric
Relativistic Mean Field
and Its Application

K. Tsubakihara and AQ, in preparation.
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RMF with Chiral Symmetry

# Good Sym. in QCD, and Spontaneous breaking generates
hadron masses.

8 Schematic model: Linear ¢ model
L=1(5 0co*o+0 1T6”n)—A(0'2+1T2)2+”—2(02+1TZ)+00
2\ H H 4 2
+Ni6uy”N—g0W(0+i1TTy5)N
s Many Problems

@ v Sym. is restored at a very small density. c® Coupling stabilizes
normal vacuum, but gives too stiff EOS.

@ Loop effects

@ Higher order terms

@ Dielectric Field

i of Pysic A. Ohnishi, HFDO6@YITP (2006/2/20-22) 15/ »g
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Problems in RMF with Chiral Symmetry

s Sudden Change of <¢> ¢ (M =600 MeV, pg=0-5 p,)
: 1000
s ¢ ®» Coupling _ gon |
1 v 1 N
L, = 4FMF +2C0w0 w-g,Ny, w°N E’ 400
2 2 < 200 -
gwa w \—/_\
w=8,05/Cr0’ = V,,= ]
’ 2C, 0" S S ———
150 -100 -50 0 50 100 150
s Stiff EOS c (MeV)
EOS e (m,=783 MeV, pg=0-5 pg)
150 Bsogygg — H:ggg j Boguta —
%100 ' NJL-Bog. — E 1233 '
T™1 > '
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< = 400 |
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50 = ' ' |
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RMF with o Self Energy from SCL-LOCD
s ¢ Self Energy from simple Strong Coupling Limit LQCD

S — —Z(M,VyM) (1/d expansion)

—  bo? + (Y oy) (auxiliary field)
2 2

—  bo (Fermion Integral)

—alogo

s RMF Lagrangian Non-Analytic Type o Self Energy
@ o is shifted by f; , and small explicit y breaking term is added.

L =iyt — 'V — M + goo) ) + £ 4 £0) 4 ﬁgjj'

T )l\ f-‘
— _] X2 _f‘lT2 2 2
Up(o)=2af (ol f,), [(x)=5|log(I+x)+x="|, a=3(n;—m]
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Nuclear Matter and Finite Nuclei
s Nuclear Matter: By tuning A, g,,N, Mg, EOS can be Soft !

s Finite Nuclei: By tuning 2N’ Global behavior of B.E.

E/A (MeV)

80

60 -

40

20 ¢

-20 r

is reproduced, except for j-j closed nuclei (C, Si, Ni).
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Extention to Chiral SU(3)
s Strong Coupling Limit LQCD guess

F =bTr(M " M)—alogdet(M" M)—c,o—c.C +d(det M +det M)
Bosonization + Quark integral + Explicit breaking + U (1) anomaly
M=3+ill=diag(c/V2,0/V2,C)(in MFA)

2 2
my o Mg )
—0C -|—72; +&0 C+const.

21 (0l )+ 5 S ELf )|+
(after shiftingo — f  +06,{ —f,+()

=a +

f(x):i —log(]—l-x)—l-x—l-x—2 azfnz(nff— 2)

2 2| 2 0 T

most of the parameters are determined to fit meson masses !
— One parameter m_

Is it consistent with Nuclear Matter and Finite Nuclei ?
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Symmetric Nuclear Matter in Chiral SU(3) RMF

s Soft EOS in Chiral SU(3) RMF

@ o0-C mixing — Evolution along ¢-C valley
@ K=216 MeV @ m_= 690 MeV — Consistent with K=210 + 30 MeV

Equation of state Energy surface atp; =0
EU 1 1 ry
mn =690 ——
SU(2) ~—m
. 17—
*
=
S 40
£
=
5 w0}
iy
n
:
b g -
-
20 - - - - -
0 0.1 02 0.3 04 05 06
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Finite Nuclei

s Other Model Parameters 9

Sl-'ﬂ,.gﬁf e Pb
. 8 i’ '
@ g  — Normal Nuclei *1. C NiZr Sp L
pN 1h
( ) — S.n l A N l I % ' II?T O g O I are :‘I--""'""u
¢ gGA’ gCA 1 g ¢ uciel = & | ,,E- 8 .P'-,_h_ I,A}‘f 7
6 E i 7Tt ’?‘rf S “ Ca-
@ g — *spHe s | éig—%ﬂi . Cy _
I | mg =684
(SU,,(3) is assumed for g, ,) AR .; |
' D 10 20 30 40 50
3 | 1 1 1 1
0 50 100 150 200
Sep:araticm energy of A from ’!”1‘.‘1 A
40 - 4
[g 'gra) = (6.77,098) ——
3 B fGox. 80 = 35,520) | s |
= 30 + EXp. - T \
(= - [
% 20 \Q:\"ﬂ. . ] s 25} |
E 15 | \ _i""-.___._.i T % 2
= 10 .‘."'. B % - - &
© 5 | o [ < 18
% S . B 1 -
] 0 , ny iy "
-5 - ' ' ' 05 - !
0 005 01 015 02 025 03 . o0 . . . |
A,_"F,'E"S 0 1 2 3 4 3] @




Collective Flow
in High-Energy Heavy-lon Collisiol

“Mean-field effects on collective flow
in high-energy heavy-ion collisions at 2-1584 GeV energies”
M. Isse, A. Ohnishi, N. Otuka, P. K. Sahu, Y. Nara,
Phys. Rev. C, Phys. Rev. C 72, 064908 (2005).
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(1) "Mean-field effects on collective flow in high-energy heavy-ion
collisions at 2-158A GeV energies”
M. Isse, A. Ohnishi, N. Otuka, P. K. Sahu, Y. Nara,
Phys. Rev. C, Phys. Rev. C 72, 064908 (2005).

(2) "Hadron-string cascade versus hydrodynamics in Cu+Cu collisions at
Vs,v=200 GeV”
T. Hirano, M. Isse, Y. Nara, A. Ohnishi, K. Yoshino,
Phys. Rev. C 72, 041901(R) (2005).

(3) “Elliptic Flow in a Hadron String Cascade Model at 130 GeV Energy”
P. K. Sahu, A. Ohnishi, M. Isse, N. Otuka, S. C. Phatak,
Submitted to Pramana — Journal of Physics (Indian Academy of Science).




by Isse
Can we determine Nuclear EOS from Collective Flow ?

Example: P. Danielewicz et al., Science 298,1592(2002)
®m SIS ~ AGS Energies (0.1~11 A GeV) — We need Mean Field
= With one value of K, we cannot explain v, and v, simultaneously.

Q . .
5 — EQOS is not yet determined !
'~

= — LI I I 1 I | LI I I 1 I | LI I I I
A 4 DATA - 0051 -
N [ O Plastic Ball 1 i ; ]
o i _ ] I s i
§ i 0O EOS P -..“_‘“ K=380 MeV | I ]
& [ ®E895 7 I o - ; 1
3 [ e E877 | 0.0 ——==—=—~ e S
oo |- 1& | ’ DATA :
o ™ 300 1 5 i i
L I 1 8 005} o PlasticBall -
I B 210 | V - -
01 T o 1% 2w - EE:S :
: = i ' ' * E877 I
- 1 010 300 X -
0.0 [ . - -
. i - K=380 MeV .
_III| | | |IIII| | | |IIII| I_ _IIII 1 1 IIIIIII 1 1 I|IIII| 1 I_

0.1 0.5 1.0 50 10.0 0.1 05 1.0 50 10.0
Ebeam/A (GeV) Ebeam”A (GEV)



Flow study from AGS to SPS in JAM-ROMD/S
s EOS (or K) cannot be uniqely determined at E. <11 A GeV

inc

— Higher density may be achieved at higher E .

s Hadronic Transport Model JAM-RQMD/S

@ JAM: Particle DOF and Cross sections (Nara et al., 2000)

@ ROQMD/S:
Constraint Hamiltonian Dynamics + Simplified Time-Fixation
(Sorge et al., Maruyama, 1998)

@ Nuclear Mean Field:
Momentum Dep. Hard/Soft (MH, MS)
Momentum Indep. Hard/Soft (H, S)
Common MF for All Baryons (B) / MF only for Nucleons (N)

First Explore in Collective Flows at SPS
with MF Effects
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by Isse

Comparison of Hadronic Transport Models
Model IIZI{)?)SI-; d eii! | of I\[/I)zr;.. Flg)w Fl(g)W @F:SI-VIVIC
MF MF AGS SPS
RQMD(1989) O O X O A A
RBUU(1994) O O O O ? ?
UrQMD(1996) O O X O A A
HSD(1996) A A O O A ?
BEM(2000) A A © © X X
JAM+RQMD/S O O O O O A
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InC|dent Energy Deps. of V

by Isse

JAM-MF with momentum dep. MF explains prdton v,
at 1-158 A GeV energies

vV, is not very sensitive to K (incompressibility)

Data.lies.between MS(B).and MS(N)
Results with H ~ UrQMD (S.Soff et al., nucl-th/9903061)

0.08 — . e (xacev) A
Protnn Vp fur AGS to SPS Energles i et
0.06 .
0.0!
0.04 .
e | I
0.02 - _3___,__42 i =00
Vv, ¢ SPS |
=<cos2¢> 005y
Nucleon MF MH — & Coscade
MS o1 . . . * E895,E877 -
-Nhd - AGS g | - ' o ’ E;b (Ge‘?muclec?nl a 7]2
-0.06 | CS .
MS(N) —
Exp. —e—
-0.08 - e e
1 10 100

E;.. (AGeV) 11



Summary

s High Density Matter is interesting and important, but it
requires various approaches at present.

8 In the strong coupling limit of |OCD, baryons would modify
the phase boundary at high density and low T.

@ Dependence on parameters introduced through bosonization
identities.

s By using a QCD motivated o self-energies, we can construct
chiral symmetric RMF giving soft EOS.

@ Neutron Star / Pion & Kaon mass in dense matter.

8 Collective flow data upto SPS are qualitatively explained in
hadronic transport model with mom. dep. MF.

@ K (incompressibility) cannot be uniquely determined yet.

@ Model deps., especially MF during formation time / for Res.
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by Isse

Proton v, vs y @ SPS

0.06 40 AGeV Mid-Central Proton R 158 AGeV Mid-Central Proton

0.04 - T

O || | AT \k o ¢ @%v%}+

f Il
of ) : )
<002 | + X
0.00 e : “ : ®
' MH ——
-0.02 L Vo {4} cumulant —&— | MS J
vz{z} mulant CS
. | | vgstandard n—.—u . | | NMQ l—.—i
ED -15-10-05 0.0 0.5 1.0 15 EDED -1.5 -1.0 -0.5 0.0 D5 1.0 1.5 2.0
y y

Momentum dependent MF well suppress the proton v2.
Large uncertainty for analysis method at 40 AGeV.

We see standard v2 are wrong but good agreement to 2"
cumulant v2 at mid-rapidity.
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Color Angle Average

s Problem: Diquark Condensates induce quark-baryon
coupling, and Baryon integral becomes difficult.
— Solution: Color Angle Average

@ Integral of “Color Angle Variables”
712 1t o —
/T}[an Ul] exp {ULD.& + Dlﬂ}ﬂ:} — /\T}[l"] exp {%D:&Dﬂ + ﬁjfjbb}

@ Three-Quark and Baryon Coupling is ReBorn !

_ _ ~2 1
f B Vs s oar? _
DD, =Y 4+bB4+DBb, Y = > M 02

@ Solve “Self-Consistent” Equaton

i Y - -_.*"L -
exp(bB + Bb) ~ exp |—v? —Y + % B + B+ Y) + ﬁﬂ-ﬁbb‘

0?2 vAMBEBD .
~ exp |—— _Y| (R, =1-1v%/3
P\ TR, T 162, ] ( v/3)
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Effective Free Energy with Digquark Condensate

s Bosonization of 3*“pp — Introduce k bosons

eXpMkISb:f dwkexp[—%(wk@kMk@)z—l—MkI;b]

=f dw,exp|—w:/2—w(o, M+ 1/, M "'bb)—x; M*/2]
s Effective Free Energy

Fﬁiéﬂbvl = Fx(o,v,w;) + Féf? (gow) + F.:igj(gq)

F 1 (a,0° + w’ K wi 4+ w3) + . ! 1 H v s
XN — s W '.le I'L}E — w — p
2 R, 9 Oyy2 18 R,
—1
- 1_ 2 a2l a2 02 - o o L
CAR W f ! ¥y 2 Oy — 0 + aw |+ apw + eals

Similar form to the previous one at v=0.
Diquark Effects in interaction start from v*.
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Comparison with Other Treatments

* T=0, without or with baryons
(e.g., NK-Smit1981, Damgaard-Hochberg-NK 1985)

FO - N Noxr e — N pn i
#* T=0, with b and diquark (ACGL2002)c = é (RE — sz + éeg) ,
F = T ek E T, 17 (2, = )
* T #0 , no baryons (e.g., Nishida2004 [
D = N | ) i
Fixing asymptotic behavior & 0 | PP{r:' e

—~(Th) P .

— F™ s smaller

\2

— N_.log /\—i—F '(gua))

}"I
I_|'|| {“:I'l- | l:_.\,l-rzz :|

FI T
FI Thi

(hv) _

b

A

3
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OCD Phase Diagram from Lattice QCD

8 Zero Chem. Pot. 8 Finite Chem. Pot.
_ '. tu\IrD-lstlaItla: JLQGII:i _! L L I L B L L L L L L
e e m quark-gluon plasma.
02 | * * S ;totigm;atiolégi:ﬂ[s]' — 170 :_ }H;{‘{}{ _:
r < physical point % L {} _
0.15 | = . HHH endpoint
m :’;’;} ClrOSsSOvVer = 160 __ i __
o1}, e . . N _
/M m, =m, = - hadronic phase i
o0 L first order _;\\\\};,f‘ ] 150 Lo b b by by a by oA
N euUTL I 0 200 400 600 800 1000
0 002 o 004 0.06 g (MeV)
@ JLQCD Collab. (S. Aoki et al. ), @ Fodor & Katz, JHEP 0203
Nucl. Phys. Proc. Suppl. 73 (1999), (2002), 014.
459.

Zero Chem. Pot. : Cross Over
Finite Chem. Pot.: Critical End Point
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Lattice Action in SCL-LOCD (1)

s Lattice Action with staggered Fermions

+ _ _ e
¥ U M S, x. %] = Sall]+ SelU, v, 7] .
> 00
U™ U 2N. .1 — 118
v v | SelU] = = {1 —Eﬂe-ﬂtswu-,ﬁ} > ()
X U % &L B
B Uer () = UN) U (2 + YU ( + i) U ()
~ Chem. Pot.
SrlUoex] = SEPox]+ S Ui 5]+ Sk o, x. 1] -
.S'En’.'[j,;_.i] = mz iy (x)

SEU; x 7]

O] = EZ mo(=) { ()
o

;ZZ“‘}‘”{ DU ()T 5) — X+ 50T () }

Tolx)v(z +0) — vixr + fl}Lﬁ; [J:‘]@{J':J} ;

8 In the Strong Coupling Limit (g — o), we can ignore

SG, and semi-analytic calculation becomes possible.
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Details of Functions

Vil(z,y) =Ve'(z,y) + guwiey .  go =

YR - . 1 | grw?s? By oo [ Guw\
g (gow) = m]ug Det [1 + g.wVg] = ——_Zk:mg [1+ _ ] ~ —ay’ f® (—
(b) ¢ 3 [T . 2,
fNz) = — k2dklog(1 4+ k<)
21‘3 Ji
( 4 1 1
FEEJ[GQ'} =-T hjg [E ((ﬁ - 5{_?0' =+ 1(?‘3}-*):|

o 5 ]l[ \ + 1 E T] . .
F9 — _7log {3 2 cosh N,
eff 25 { sinh [E T] i o :

1 1 '
For = 500+ 30"+ Fu (0.0) + i (7)

Y+at==—¢ (e—= 40, a, —+x)

2

g \
Fer(0g) = 55+ Fl (9:04) + Fig (04 T, 1)
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Several Analytic Results / Comparison

s Critical Temperature DKS1984
o, B Te=5/2 (U(3))
Ic(0) =17 (p=10) = 30, Nishida2004
Tc=5/3 (SU(3)
T oy
@ b_= curvature of ——% + Fig (s,0,) Bilic et al.
= Tc~ 2.5 (1), 2.0 (f=3)
s 2nd order critical p
(and) oy 4 _y [ 3TL(0) * Why we have
e T = 3 cosh T 2 dﬂc(lst) /chzd:”c(an) /ch
@ same as Nishida, 2004 2 4
Fy=c,0"+c,0 +cgo
s TriCritical Point de,e=c
o A1 —1 —c,~0 around T,
?fj = j— 1+1¥ (0) (}+ ur,:l:l;uj:w-fj)] ’ -

2
tT "
@ C,®=coef. of 6* in ;.“g + Fi (g005)
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Fodor\-Katz
s Tc(p) smoothly goes e T P
or not. : G| \\ E
0.96 | 5
@ de Forcrand-Philipsen : Gk a0 gl
— Analytic Continuation hodl T L1
predicts smooth decrease. wth R :
@ Fodor-Katz |
— at TCP, the phase - S
boundary seems to have a 0 05 1 15 2 8T 5
kink Hy/T,
8 Why we have de Forcrand et al.,
dﬂc(lsﬁ/ch=dﬂc(2”d)/ch NPB673,170(2003)
— kink at TCP may suggest Feﬁzcz()'2+c4()'4—|—c6()'6
the exsitence of other s de o=
order parameter(s) e,~0 ;FSUH d4 T
tcp
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Experimentally Estimated Phase Diagram

Ld I Ll Ll Ll 'I T T T I L] L] L [ L L Ll I Ll Ll L 'I L T T I T L L] T T T | I. T T I T T T ] T T T T T T T T T [ T T T I T T T
early universe early universe
I
LHC quark-gluon
| quark-gluon plasma
RHIC plasma L Dense Hadronic Medium
> n.=0.5 /fm° 2
= 7T e @ 250 H ™ s ]
Q 250 - - = n,=0.38 /fm’=2.5n,
= f - =
[«}]
: 5 5 200 LQCD _
5 200 YV - ®
3 A ) i & Bag Model
g - =
é_ ’ 5 150 -
3 150 »
& froes 100 .
| - , deconfinement SIS s
100 = ). !/ chiral restoration ] - ",=0.121m
[ thermal freeze-out "% . SIS 4 ] s L Dilute Hadronic Medium ~ @ ¥ N
- A\ - n,=0.34 /fm’ atomic
hadl'Ol'I gas | t - TN N TR [N TN T AT T T AN N SO T B -l 1
atomic 0.2 0.4 0.6 0.8 1 1.2 1.4
. 1 | nucllel

baryonic chemical potential L [GeV]
02 0.4 0.6 0.8 1 1.2 1.4

baryonic chemical potential g [GeV]

2002 (Braun-Munzinger et al.
1998 (J. Stachel et al.) J. Phys. G28 (2002) 1971.)

Chem. Freeze-Out Points are very Close to
Expected QCD Phase Transition Boundary
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Theoretically Expected QCD Phase Diagram

Zero Chem. Pot. Finite Chem. Pot.
[ I. t'l.".:'D-IStIEIIe: JLQG;:] B | L l LI I LI l | L I LI I L ]
025 X A st order like, JLQCD - -
I % crossover ke, JLQCD "{"‘F%} quark—gluon plasma_
ol o e guwmechme | ol 'H-H..H -
i < physical point % | {} |
0.15 | = . HHH endpoint
m :’;’;} CIOSSOVEL = 160 _'— i __
o1}, e * . L i
/’;-K\ _ 1 | . ]
o M m?m‘- - 5 hadronic phase E
- L first order @\\\\@ ] Lo g e s bua g b g a by oo
0 e oy . 3 0 200 400 600 800 1000
0 002 ., 004 0.06 g (MeV)
JLOCD Collab. (S. Aoki et al.), Finite p : Fodor & Katz,
Nucl. Phys. Proc. Suppl. 73 (1999) JHEP 0203 (2002), 014.
459.

Zero Chem. Pot. : Cross Over
Finite Chem. Pot.: Critical End Point
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Elliptic Flow ()

* What is Elliptic Flow ?
@ Anisotropy in P space

_Of- * Hydrodynamical Picture
y Out Of<P0hme Flow @ Sensitive to the Pressure
(v.<0)

Anisotropy in the Early Stage
@ Early Thermalization is Required

N | \ T f for Large V',

In-Plane Flow
(v, > 0)

/|\

2 2
Px—D
v, =(BPh)=(cos 29)
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s Lattice QCD actionr = 52" [X@UL@)x(@ + ) = X + A UL ()x(2)]
~(Uo) 1 _ LTT - _ A p——
Sy = 2N [X(@)eUn(@)x(@ + i) — Xz + f)e ™ Ul(z)y(z)]

Sgnj _ ﬂ]-l}z Iﬂ(‘l)?(ﬂ(r) :

# Mesonic and Baryonic Composites

M(z) = dasx” (x)x%(z) |

. 1 ey . _ 1
B(z) = E:aacfiﬁftfhﬂr}l , B(x)=

) TR R
N EabeX \TJXLT)X(T)
- l:'d

s Fermion Integral

[xD[L'rD-i-i] exp [~ ) oM - SETD]] = /T}[[-"U?JUJI]H‘-"?{P =Xk G (k)X /2]
. n . k

= ...= (7’2 — é(}r + é cosh(33)
1 ~y 1 ~y (—? — "ll ."'-:fn o1 l =
~ 5Cq+7Cy, s = cosh [Barcsinh o]
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v, (%)

dN/dn, v,(n), v.(pP;)
@RHIC 130GeV,
Au+Au

@SPS 17 GeV,
Pb+Pb

o N A SN _ u sF\N

16 | \/s=17(SPS), 130 GeV(RHIC) h™
14 | Mid-Central (16-24 %) §
12 | e !
10 | .
L ./
® _

JAM 130 GeV

® 17 GeV

8
6 L : i
4 | < :
2 | STAR 130AGeV —®— |
0

¢

0.5 1.0
pt (GeV/c)

1.5

2.0

vy

o 40 AGeV Pion -+
0.0 {ll.5 1.0 115 2I.B 0.0
Pt (GeVic)
5 T T T
JAM, 130 AGeV —
17 AGeV
4 N

Vo (%)

by Isse

b=4-8 fm

Pseudorapidity n

VAN

= JAM T®D mid-central T?D SPS & RHIC DB TIE., v,(n) @i

. vy (p) RIFEAERUEZTRT,

s JAM T, BRAMPOREBICLY v,DIFEALIRRREINZEEZLSN S,
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by Isse

X R R (AR B

9,Tw=0 IRIVF—EBHEBRE
dnut=0 ALY NDEREF (baryon, strangeness,...)

P IRIVF—BE
;:Ejj i = (e'l'P)uHuV —Pg'uv
w4 GEE [,y

n, : & T, T :Au+Au @O dN/dn % fit, T: AT &

5 jg 1) & lll 7’3: 7'5 E :—Eﬁ; m transverse longitudinal
6 DM ZH y i ﬁ
e,P n’, 55_ 15 2; 15
P _5_ 10 2 10
&%%q:*i% Z— N ( _10; o “45— 5
,I]s,X,Y)—Cﬁﬂ< *‘.1'0""$"":'.""J;""l‘.(,f;ﬂ' 0 aru_;o..uél....éu..é‘...i?f.m; 0

T =At>—
1 t+7 T. Hirano, Y. Nara, Nucl. Phys. A743, 305 (2004)

=_lo T. Hirano, K. Tsuda, Phys. Rev. C 66, 054905(2002)
'k 2 = t—2z 1




PHOBOS Di#ELY)
Compared to JAM Model

o~ 01: b=5fm N 01: ;
> 009 — YAM — Hydro(100) | S ggof. — AV /
008  PHOBOS (15-25%) — Hydro(160) o0af ydro(100)
0.07 preliminary 0 [I',"E_ — Hydro(160)
| 200 GeV “IE v PHOBOS
0.06 0.06% o y
15-25% Cu-Cu - preliminary ;,,
: 0055 200 Gev {
rrors 004  Cu-Cu / 4
| 0.03
0.025
0.01F
ﬂ AN NN NI NN Nl SNENE FNE RS |

0 1 2 3 4 5 6 7 8
b fm

Cu-Cu more like Hydro than JAM hadron string cascade model

Here JAM uses a 1 fm/c formation time. Hydro (160) has kinetic freezeout temperature at 160 Mel”

v, ik TEBOEVAEE,

BP+oBS  Division of Nuclear Phys ™ Ec'b‘:' g E%gz’o T (< Freeze out DX )



N

>

v,(Centrality) @RHIC 200GeV, Au+Au
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by Isse
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BB EZRICABICDONT
(EDER) NI
TLZx9,
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Transport models

"* HSD and UrQMD
0.1 (by Stoécker et al.)

R

0.2

40AGeV TD
Proton v,(y) @
SNBFEL

&# NA49
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T—YTIE.RDLIE o]
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W3, 5
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Eih§11€7_—'if;]ig%0)%)\ by Isse
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S : } EmEE
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