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Hadronic Matter Phase Diagram
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Experimentally Estimated Phase Diagram
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Chem. Freeze-Out Points are very Close to
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Theoretically Expected OCD Phase Diagram
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Nuclear Caloric Curve

J. Pochadzalla et al (GSI-ALLADIN collab.) ., PRL 75 (1995) 1040.

Boiling Temperature is Clearly Seen
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i Al Wf ] Fragment Yields are assumed

to follow Equilibrium Statistics
(-::E > /<A — 2 MeV)
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Negative Heat Capacity

M. D Agostino et al.,(MSU Exp./INFN-IN2P3 Collab.) PLB 473 (2000) 219.

@ Negative Heat Capacity
— Evidence of the First Order Phase Transition

@ T and E* are determined

from Fragment Multiplicity and Kinetic Energy
based on Theoretical Model
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HIC Transport Models: Major Four Origins

@ Nuclear Mean Field Dynamics

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

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

+ Main Source of Particle Production

+ Intranuclear Cascade Models
@ Partonic Interaction and String Decay

+ Main Source of high pT Particles at Collider Energies

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

+ Most Successful Picture at RHIC
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HIC Models: History

1970's~

BIRILXF—ES4AVRE

TDHF Cascade Jet+String Hydro
Mo Classical +MF
1980's g Classical +Fluci ﬂ
+Gau§§ Vlasov a BUU —a +Geometry
+Collision
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1990's~
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TDHF and Viasov Equation

0¢

@ Time-Dependent Mean Field Theory (e.g., TDHF) ;# -
[

i:h(l)i

@ Density Matr(i)x

p(r,r '):Z Cl)i(’”)(l);(’” ) - pw=f (phase space density)

@ TDHF for Density Matrix

0 2
n=lnpl = Gr=lh Sl o)

@ Wigner Transformation and Wigner-Kirkwood Expansion
(Ref.: Ring-Schuck)

OW(r,p)Ef d’sexp(—ip-slh)<r+s/2|0|r—s/2>
(AB)y=Ayexp(ihA)B, A=V '.-V V' .V, (V'acts on the left)
|4, B],=2iA4,sin(hAI2)B,=ik{A,, B,},,+O(R)
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Test Particle Method

@ Vlasov Equation

of
Ot

@ Classical Hamiltonian

_of

at—l—va VUVf 0

—hy. [ lps

2

hy(r, p)=L—+U(r, p)

2m
@ Test Particle Method (C. Y. Wong, 1982)
AN
- dr. dp.
=— > §(r-r)s(p—p,) - —=V h, —==-V h,

Mean Field Evolution can be simulated
by Classical Test Particles

— Opened a possibility to Simulate High Energy HIC
including Two-Body Collisions in Cascade
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BUU (Boltzmann-Uehling-Uhlenbeck) Equation

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

LrvV, [~V UV, =1l /]
B d’ p,d Q2 do
[coll[f —__f 2 h) 12d—.Q

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

2

+ Mean Field Evolution

+ (Incoherent) Two-Body Collisions

O/Tt

+ Pauli Blocking in Two-Body Collisions 1.}2

O One-Body Observables (Particle Spectra, Collective Flow, ..)
X Event-by-Event Fluctuation (Fragment, Intermittency, ...)
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Comarison of TDHF, Viasov and BUU(VUU)

@ CatCa, 40 A MeV
(Cassing-Metag-Mosel-Niita, Phys. Rep. 188 (1990) 363).

1 i [ i i 1 i i i
-0 -4 0 -] N -N -5 0 5 N -0 -5 1] 5 n
Zz (fml) Zz (fm) z {fml
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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.

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

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

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

BIRILX—EBEAAV R 14



Relativistic OMD/Simplified (ROMD/S)

@ RQMD = Constraint Hamiltonian Dynamics
(Sorge, Stocker, Greiner, Ann. of Phys. 192 (1989), 266.)

@ Constraints: ¢ = 0 (Satisfied on the realized trajectory, by Dirac)

* Variables in Covariant Dynamics = 8N phase space: ¢ Yy

+ Variables in EOM = 6N phase space
— We need 2N constraints to get EOM

@ On Mass-Shell Constraints
HiEpl.Z—mf—Zmi V.~0
@ Time-Fixation in RQMD/S
X;=a(q,—qy)~0(i=1,~N-1) , Xy=aqy—1~0
a= Time-like unit vector in the Calculation Frame
(Tomoyuki Maruyama et al., Prog. Theor. Phys. 96(1996), 263.)
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ROMD/S (cont.)

@ Hamiltonian is made of constraints
:Zi u,p; (b;=H (i=1~N),X,_y(i=N+I1~2N))

0
@ Time Development d{ f +Hf O H L 9, p.0=8,

@ Lagrange multipliers are determlned to keep constraints
— We can solve obtain the multipliers analytically in ROMD/S

d o,
T ~0 — 5i,2N+Zjuj{(l)i’(l)j}NO

@ Equations of Motion
H:Zi(piz_mf_ZmiVi)/ZpiO , pz'OZE':\/pz'2+mz'2+2miVi

dr, _OH 7’+Z.m£a?, 4P OH _ —Z-m(]}alﬁj

dT op; p, I p 0P dt Or, I p' OF,

We can include MF in an almost covariant way in molecular dynamics
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Particle “DISTANCE”

Particle “Momentum Difference”
2 o
pTi].ZEpup“—(puPZ.) /P;=p2 (m CM)
P=P,—D,;

‘ Lorentz Invariant, and Becomes Normal Distance in CM ! I

BIRILX—EBEAAV R 17




AMD (Antisymmetrized Molecular Dynamics)

Ono-Horiuchi-Maruyama-AQO, 1992

@ Gaussian Approximation for single particle wave function

|\F>:AH|W;‘> ) (lji:(P(r;Zi)X(O-’T) ) Z=\vD+ i—K

3/4 2RV
P(r;7Z)= 2% exp(—v(r—Z/\/;)z-I—Z2/2) o< exp(—v(r—=D)+iK-(r—D)Ih)

@ Time-dependent Variational Principle — Equations of Motion

L:<‘F|ih8/8t—H|‘F> d 9L 9L _
(YY) ' dto(dZldt) OZ,

@ Ignoring Antisymmetrization
— Quantum Molecular Dynamics EOM (= Classical EOM)

dZ, oH

07 MC g "oz,

dD;, o0H dK, oO0H

C=0 = "W Tk a oD
‘ Classical-type EOM is obtained through Gaussian + TDVP I
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Collision Term in AMD
@ Approximate Canonical Variables
Wi:\]Qii'Z':\];Ri_F i P, Q,=B, Bi_'l ’ Bi':<qji|qj'>
i \/;h 1] ij ij ij J
Example (L)=) B,'B,~ZXZ =) WXW,
ij L i

Collision Procedure in AMD

Z Z P;
Transt. l Inv. Transf.I P, G=T blfmx
) P
w . w: PE 2
Physics included in AMD

Time Evolution of Anti-Symmetrized Wave Function
Collision Term = “Canonical" Variable + Classical Analogy
Event-by-Event Fluctuation

Problems: Non-Rela., Classical Analogy of Collision term,CPU cost
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Exercise (2)

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

@ (ADVANCED) Prove that the AMD wave function is equivalent to
harmonic oscillator shell model wave function when all Z's goes to
zero. (This tells you why the Slater determinant of (s-wave)
Gaussians can describe nuclei above s-shell.)

@ (ADVANCED) Obtain the Lagrange multiplier in RQMDY/S.
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AA collisions at High E.
~ Sum of (Multistep) NN collisions (Cascade)
+ Interesting Physics
— Cascade gives the “baseline” of evaluation !
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Baryon-Baryon and Meson-Baryon Collisions

NN collision mechanism
Elastic

— Resonance

— String

— Jet

@ Meson-Nucleon Collision
— s-channel Resonance
— t-(u-) channel Res.

— String formation

Energy Dependence of NN Reaction Mechanism

N B . MpB
N 3
T
)( String String
Elastic
N N (t-channel) N String N
; } : : > \IE- 2Mpy
~1MeV 140 MeV -~1.5 GeV ~100 GeV
Elastic Resonance
(s=channel) N
P N
r P ¥ W,
T oy ;
p g
N
P N
N N
s-channel t-channel u-channel

R (or S) Form. Reggeon Exch. Baryon Exch. Strings

y K ik N T Y K MMM M
R N* Y*
/ P '
T N T N T N M N
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NN Cross Sections

From Particle Data Group

10 .Ii.ﬁllilTDt.. -
| pp Bla.
) pn Tot.
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Meson-Baryon Cross Section

T Tot. —— |
n'p Ela.

w d Tot.

o
E
5

Resonance AU N A
(s-channel) SN I R -

n p Elastic
md Total

&
-||:]1 . f ‘#"Rr 4>

T"Hli_
?jfﬁl a kg i
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10" 10® 107
PLa(GEVIC)
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Exclusive Cross Sections

Nara, Otuka, AO, Niita, Chiba (JAM), PRC 61 (2000), 024901.

@ We need not only Total and Elastic Cross Sections,
but also Cross Sections for Each Channel !

30 v . e
:-] pp s pa

aimb)

s-channel t-channel u-channel 100
R (or S) Form. Reggeon Exch.Baryon Exch. '

Y K my N nY K %n_s_
R
E—— /
T N T

N* Ey

0.0 Lt
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Reggeon Exchange

Barger and Cline (Benjamin, 1969), H. Sorge (ROMD), PRC (199)5)

@ Regge Trajectory J:aR(t)NO(R(O)-FO( 'R(O)t

@ 2 to 2 Cross Section

do . pf 2
d.Q_64Trspi|M(S’t)|
(p:p,)
M(S’t)NZR ~F(t)exp[o<R(t)log(S/S0)] B
(—M g
%
) ] ..
5 S] _
\ Hadron 3 2 [ ——
. s R TUA(1405)
o Reaiony Tpr o B
o, (T — -
. 5 xlt) Hadron i e
Spectrum | e
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String formation and decay

@ What does the regge trajectory suggest ? \_/
— Existence of (color- or hadron-)String !
Kdr (R Kdr r_ TK R’
M= 2fw] =mKkR J—2f0rx\/] R 2" /\
MZ
— J=
21K — > = O+(>O + +
@ String Tension string s d g
L x.(0)~09GeV — k~1GeV/fim
21T K O O
@ String decay
Extended String }

— Large E stored
— ( gbar pair creation (Schwinger mech.) o—e0—=e

String = Coherent superposition of hadron resonances with various J
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Highp, / \FOXV £/ @ RHIC

@ GSI, AGS, SPS — HIB/\FAY, AMJ T £ R LR
Nara et al., PRC61('00),024901; Isse et al., PRC72('05),064908.

» RHICTOE*H %= pQCD+E-loss+5$.‘QLF&ﬁ-i*-'

AA
-l 2(b):J-dPTfA(rT—b/Z)IB(PT+b/2) Geometry
avd” pr

d ab »ed _
A el dd s P
abed
XD(E.~AE, (rr);c—h) E-loss + Indep. Frag.
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Jet Production

with One Gluon Exch.

@ Color Exch. between Hadrons >
— Complex color flux starting %
from leading partons /
— many hadron production - L

— Jet production /
@ PYTHIA
+ Event Generator
of High Energy Reactions  /

— Jet production ‘
+String decay o—e0O0—@ Z

for QCD processes

@ Elastic Scattering of Partons (mainly) /

(T. Sjostrand et al., Comput. Phys. Commun. 135 (2001), 238.)
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String Mass and P, in Jet

@ In average, Jet Strings
have 60-70 GeV masses,

contain around 4-5 partons (q-g-g-g-qbar, ...).
and pp (200 GeV)

decay into 20-25 hadrons.

1 paftnn —
hadron ---

+ Complex color flux starting
from leading partons make strings heavy !
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JAM (Jet AA Microscopic transport model)

Nara, Otuka, AO, Niita, Chiba, PRC 61 (2000), 024901.
@ Hadron-String Cascade with Jet production

* hh collision with Res. up to m <2 GeV (3.5 GeV) for M (B)
+ String excitation and decay

+ String-Hadron collisions are simulated by hh collisions in the
formation time.

* jet production is incl. using PYTHIA

+ Secondary partonic int.:
NOT incl. | giquif_"k
*+ Color transparency: ;Io; };{f inchEV/fmrea i ‘\ (
NOT taken care of |
Resonance *
+ String

+ Jet
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JAM Results @ AGS Energy
Nara, Otuka, AO, Niita, Chiba, PRC 61 (2000), 024901.

p-A collisions

proton distributions
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@ Aut+Au Collision

T Au+ " Au —ptx at 11 6AGeV /e

10°

-]

10
(.0

0.5 1.0
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1.5

JAM explains AA collisions as well as pA collisions:
— Good Elementary Cross Sections for MM, MN and NN

BIRILXF—ES4AVRE

33



Exercise (3)

@ Prove that the sum of Mandelstam variables becomes a constant.
S=pp,)5 t=@;p;) u=0rp,)%
in 1+2 — 3+4 reaction.

@ Draw the Feynman diagram of K-+p — 7™ + 2"
You will see that the angular distribution becomes
backward peaked due to the u-channel dominance.

@ Explain why we have peak structures in MB collisions
and we do not see peaks in BB collisions.

@ (If you already learned pOQCD,) Obtain the squared Feynman
amplitude of qq — qq in the tree level averaged over the color
and spin. (You can ignore quark mass.)

You will see the cross section is divergent at forward angle.
Explain why we do not see this divergence in NN collisions.
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Relativistic Hydrodynamics

@ EOM: Conservation Laws

0 =0 Energy Momentum Conservation
d (nu*)=0 Conservation of Charge (Baryon, Strangeness, ...)

T" = (et Pu'u' - Pg"’
e : energy density, P: pressure,
ut :four velocity y(1,v), n;. :number density

5 L —
'S
ot :
= tau=0.,6
_5 = -
T. Hirano, Y. Nara, NPA743, 305 (2004) 5 o 5
T. Hirano, K. Tsuda, PRC 66, 054905(2002) x {fm)
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Relativistic Hydrodynamics (I1)

@ One more condition is necessary
— Equation of State P = P(e, n) is needed

+ Independent Variables: e, P, v, n, — 6

+ Independent Equations: 4+1 =5
@ Solve Hydro. in Bjorken Variables (7, n, X, y) — Save CPU a lot !

*+ Most of the Dynamics is govered by T during T < 10 fm/c

+ 1, approximately corresponds to 1, and fixed by inc. E.

@ Parameters

+ 1 (thermalization time), T*" (chem. F.O.) — Au+Au dN/dp fit

+ Tth: Free Parameter

@ [Initial Condition: Glauber type / Color Glass Condensate
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Nuclear Mean Field

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

» pdep.: (py 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,, E) =U(p,, E=0)10.3 E

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

@ Effective Interactions (or Energy Functionals):

Skyrme HF, RMF, ... U(E)=U(0)+0.3E
= 100
Sky+mom(S 50 -
E/E" v EF
[T E A u
A A ) As (i a+_[_3l+ce,zs))term —
(,00 , E/A) -::/' ()G séﬂrf:: a(az ;5) —

:(015 fm-3 , _163 MCV) - 0..5 1 01{; 2 2.5 3 o 200 400 stI)Eo (::') 1000 1200 1400
lab

+
BIRLYLEA(AVRRE e 39




Skyrme Hartree-Fock
See Ring-Schuck for details

@ Zero-Range Two- and Three-Body Interaction

vijztoé(ri—rj)—l—l[5(ri—rj)k2—|—k25(ri—rj)]

2
—|—t2k5(ri—rj)k—|—iWO[O'Z.—I—O'].]X(S(ri—rj)k
1
k:E(V"_V’)
vip=t36(r;—r;)6(r,—r,)
@ Energy Density (Even-Even N=Z) )2
1 F 3 1 2
H(r)= +t p +—t,p + Deriv. terms —p|= +—t,pt—1
(>2m(p) 80P 163'0 p52m()80p 1630
n’ /A
=) |V, =—+—(3¢,+5¢
Z,| bl 2m*(p) m 16( 1 2) P

Problems in Skyrme HF (in Dense Nuclear Matter/High Energy)
Repulsive Zero-Range 3-body Int.: — Ferromagnetism
Energy Dep. = Linear (m* term) — Too Repulsive at High E
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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 (o,m,p ) are included

+ Meson Self-Energy Term (o,m)

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

1 1 1 1
_a,u, a S22 3 = 4
+ 5 00,0 ngcr 3920' 4930
1 v 1 2 u 1 apy pa 1 2 _ap 0 1 )2
- ZW 4 i aF 5 MW" Wy — ER R, + 5P Py + 263 (wyw”)
- . — . 1 Y
+we (?‘ﬁ _ mﬁ) we +w:,z?’awb’ - ZF,U,L-'FH 3
W,u,:x — Oy — auw,u, )
RS, = 0upl — 0,05 + g™ p™ p™
Fo=0,A,—0,A, . (2)
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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

9

Symmetric Nuclear Matter EOS o . ™
80 8 N7y Sn —
Pb
. 60 7| ]
% 40
< 2 1
-«
= 0 # 5 r exp. °®
SCL. —
220 .l TM1 and 2 e

: _3 3 | | | | 1 1 |
Pp (fm ) 5 15 25 35 45 55 100 150 200
c.f. SCL=Chiral RMF with log o term.

(K. Tsubakihara and AO, 2007)
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Relativistic Mean Field (11)

@ Dirac Equation (iyo—y'U,~M-U Jy=0 , U=g,w , U=-g,0

S o

@ Schroedinger Equivalent Potential

E-U,~M-U, —ioc-V (f)zo 150 NI
ioc-V —E+U —M-U_,J\g NL3(mom-dep) —
S 100 NL3*(present) —

E E © Hama et al.(Exp.
UsePNUS+_UV=_g00-+_gww = 50 + i ( p)

m m ot

s. E & 2

=—29 54 = 2% =y 0 r
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 oftf !)

(Sahu, Cassing, Mosel, AO, Nucl. Phys. A672 (2000), 376.)
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Phenomenological Mean Field

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

_ s lefpY . B (oY
V—ZiV,.—fer( )+y+1( )

Py Py

Cc*) -,
_I_Z J'd3rd3pd3p, ex f(""p)f“’z)pz)
“ 2py I1+(p—p') Iy

1u0 T T T T T T T 30 T T
Aich{K=380 +
Aich(K=200 ®
K=300 #
L Sky+mom{H) —— d/

il " [ et — [[ /
/

10 y
(ioe+B+ Cex“ kerm 2\ X\f

"

(ii): G, ) term | £

(I)"'(") SkY"'m aom (at pO) -10 et
Hamaetal. e

E/A (MeV)

x%\?m

Usep(MeV)
n
= =
&
&
\

0 200 400 600 800 1000 1200 1400 ) 0 05 1 15 ) 25 3
Ejap(MeV) 0f 0n

Isse, AO, Otuka, Sahu, Nara, Phys.Rev. C 72 (2005), 064908
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Exercise (4)

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

Up,, E)~Ulp,, 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.
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Summary

@ Basic ingredients in HIC models are explained.

+ Mean field dynamics

+ Two-body hadron-hadron collisions
+ String formation and Jet production
+ Hydrodynamics

@ While nuclear MF at low energies are well investigated, it is not
trivial how to apply these MFs to higher energy reactions.
At present, phenomenologically parametrized potentials are
frequently used.

@ Students interested in HIC up to 1 A GeV should understand
mean-field dynamics and NN cross sections (and 7t productions).
Students interested in RHIC physics should understand parton
dynamics and strings, and hydrodynamics.
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Backups

BIRILXF—ES4AVRE

47



Fragment Formation in AMD

@ Fluctuation is ESSENTIAL __C@8.TMeV/u)+C
to Fragment Formation ! wfan gHe  AfterDecty
102 t
+ Initial Orientation of Deformed Nuclei 2 ol
=
+ Stochastic Two-Body Collision Term % 10}
@ Fragment Formation is well described E ol
in AMD + Statistical Decay Epy.
H 1L
+ Exception: *C l
(Compared to Mirror N, R S
6(**C) is around 10 times larger in Data) " Mass Number
of w1 eastwe | t=rstmpe | s=106fmfe
£ o I @ 8 @
™ 4 et
. ! ®
=10 : 4
R Y T e T TR T T
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Fragmentation: Low T and Low Density Matter

@ Experimental Evidence on the First Order LG Phase Transition

+ Two indep. exp. on two indep. Observables show

+ We need models, which describes both of
Nuclear Reactions and Statistics

having Quantum Statistical nature E [ 7 in nuclei at low T

@ Molecular Dynamics with Quantum Fluctuation

+ AO & Randrup: Quantum Langevin Model
NPAS565(1993), 474; PRL 75(1995), 596; Ann.Phys.253 (1997), 279;
PLB394(1997), 260; PRAS55(1997), 3315R

+ Hirata, Nara, AO, Harada, Randrup; AMD-QL (PTP 102 (1999), 89)
+ Ono-Horiuchi: AMD-V (E.g., PRC53 (1996), 2958)
+ Sugawa-Horiuchi-Ono: AMD-MF (PRC60 (1999) 064607)
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Quantum Langevin Model

@ Wave Packet Statistics @ Wave Packet Dynamics
e Partition Function + Fokker-Planck Eq.
wﬁéj : ?éfiﬂ:ﬁg?m :ffr—vfifjl % = —g%l’% + %%:ﬂifj-% @
o leermal Alverag? | | ;o _Z—"lllfij 8F, |
<05 = 3T (0 exp(—BH)) = = [ dT' Ws(Z) O4(Z) - 5’*1:‘
0xZ) = {Z52|10|Zg72) (0} B _“ﬁz ”” . 1 — exp(—3D)

(Z 52| Zgp2)
|Z30) = exp(—BH [2)|Z) # |Z)

dg; i o 3D
A Langevm Equation

e Harmonic Approximation

3= —affMF . N
Ws(Z) ~ exp [—g(l—e—‘”’)} = exp(—fH + 02 /2+---) P f—al v+g"-§

. . o ' . ™ . r
D(Z) = o%/H T = vt+afM -f+g £ .
A log Wy(Z) , oH dH
Huzy = —2EWAE) gy e v = 2=, f=-"",
ap dp or
+ Improved 5 Expansion

MP=g'-g", M =g -g".

Sampled State # Observing State
Dual State Structure make it possible

to Simulate Quantum Statistics in Molecular Dynamics
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Wave Packet Statistics

Caloric Curve

—i —i M
[ n [

Temperature (MeV)
£n

] 10 15 20 25 30 35
Excitation Energy / Nucleon (MeV)

BIRILXF—ES4AVRE

Mass Distribution

Nuclear Mass Spectra in Box (p=0.012)
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Grandcan.
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Wave Packet Dynamics

Au + Au Collisions

AO-Randrup, 1997

BIRILXF—ES4AVRE

02 4 &6 8100 2 46 8100 2 4 &6 8 10

%- '

QO o

p + 12 C Collisions

F AR HOL (gm0 .4

AMD
= . R

. & % !
o .l'l '\-\.T-.: #F' 'x'\'.'- - ii" -
—d X 1

L ) .?FF'. J_.-"' b

R S — s -
ARD-TL{gy=10.1) ARD-TL{ Gy= 0.5 .

L
F

A e W e e | Felod = Cormpicnl =on

NP
_ g% = : -/ .'I‘\I‘,ﬁ a -
AN T AR
i —" i § LI | ]
i . » » B - 1 | i i'.. -

2 4 &6 &8 1012
Fragmam WMass

2 4 &6 8 1012
Fragmam WMass

Hirata et al. PTP102(99),89
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What is Understood ?

@ What is understood ?

+ LG Phase Transition is of First Order (Exp.).

+ It can be understood in Microscopic MD qualitatively,
e.g. Fragment Yield.

@ What is NOT Understood ?

+ Direct Relation between Fragment Formation
and the Properties of Nuclear Matter

+ Are Fragments Produced through LG Phase Transition ?

+  “Initial” Condition of Fragmenation
At Which T and p Fragments are Formed ?

+ Is Equilibrium Reached in Heavy-Ion Collisions ?

Simpler Cases: pA Reaction & Supernova Explosion ! I
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Hadron-Hadron Cross Sections

From Particle Data Group

Resonance
(Threshold Enh.) }

Resonance
(s-channel)
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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/
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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
@ 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 ! \
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Mean Field Dynamics + Two-Body Collision

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

* Time-Dependent Hartree-Fock Eq. Z Wigner Z#t— Vlasov Eq.
» Pauli blocking ZF/ A L= Boltzmann AR DEHRIEZEA

- EIRIX—TCEELFEYIGERLE
BIRILE—C100 A MeV) THRERRGEHRT—FEBEZHE

- EDFOLGRAFEHEZEATREN?

LivV, f-VUV, [ =1,
Loy ___Idpzdﬂ do

coll 2 h) IZdQ 4
X [ff( f)(1_f4)_f3f4(1_f)(1_f2)]
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Exclusive Cross Sections in JAM

Nara, Otuka, AO, Niita, Chiba (JAM), PRC 61 (2000), 024901.
@ Ground State Hadrons, Resonances, and Strings

6 T T 30 T T T 20 T T
" pp I_;\IR pp — ppn’ :1 pp - pae® pa—3pnm"
60 - st BR, r
=il toal 1 20f %
= — — NR+RR r
g aof g ]
B e e e ]

w0t —TT
S
1] L. . =

_ =
£ % [
B v,
10 I
ol
']. =
4r
5p :
4F 3
= [
=3F B2
B & [
[ ] 2 [
2 i
1F i
o

3

R —pp e

1.0 ll:
s-channel t-channel u-channel
R (or S) Form. Reggeon Exch. Baryon Exch. 05

: ;b
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Y N* N gg édllgnlu-ll
GeY)
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Strings
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Mean Field and Particle DOF Effects @ AGS

@ Mean Field Effects at AGS Sahu, Cassing, Mosel, Ohnishi, 2000
— Visible but small for pT Spectrum PK Sahu ot al. / Nuclear Physics A 672 (2000) 376-386
Essential for Flow e
FoPI —8—
[ EOS i

EB95
EBTT —¥v—

@ Particle DOF Effects
— Seen at high p_

PK Sahu et al. / Nuclear Physics A 672 (2000) 376-386 Repulsive

— — " Boam Enorgy (Govia)
- caspaRea® | Beam Energy (GeV/A)
2
S 10¢ ;
& Switching Vs = 3.5 GeV
= 1 (JAM fit)
= 3 ]
o e
= | Au(11.6 A GeV/c)+Au ol

- b=35fm R
"0 02 o4 o6 o8 112 Sw1tch1ng \/S =2.6 GeV

m-mg(GeV)

(HSD default)
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Elliptic Flow from AGS to SPS

Isse, AO, Otuka, Sahu, Nara, PRC 72 (2005), 064908
@ 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 ————— -_—
Proton v, for AGS to SPS Energies
0.06
AGS SPS
0.04 _
0.02 | A 3
> 0

ﬁﬁﬂ}

MF for Res / 2

1

-0.08
E,.. (AGeV)
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Cascade vs H)_/dro @ RHIC: Au+Au

@ Comparison of v2 as a function of vV, ,

+ Cascade predict smaller v2 in peripheral collisions

+ Data lies between hydro results with two different initial condition
CGC (Color Glass Condensate) and Glauber type initial condition.

0.2
: hydro+ de, CGC
018 e hde8+gggggdg, Glauber
0.16E adronic Cascade, JAM
10 +  PHOBOS(hit)
0.14~ . PHOBOS(track)
S ek
— u V. . ev/c
0.12¢ o PHENS)&EO.?<pT<5F()3TeV/C)
> 0.1
0.08;—
Hydro is better, 0.061 4.
CGC may be realized S L
in central collisions. 0-03_-— T N
0 50 100 150 I\ZIOO 250 300 350 400
part
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Lessons from AGS and SPS Energy HIC

° FIFERDERBE
* 1 A GeV Energy — IG5 F4&

*+ 10 A GeV Energy (AGS) — 23

Rt + SRR iR

IR/ \FAVE
» 100 A GeV Energy (SPS) » AR5 &

o WELTEHEDREZIRYANSLHEN
* pT ARJMVICEEMICREZEZ S,
* HoHLGTEHETZRYANGWIGS

— formation time FZE AL THEER

(EFRNETHEEEIET S

ER. AR T E

= B+ AR R

* RHICIRILX—TO/N\FAOVE#EER LK

» SPS TRILF—FETTHIILTLVS formation time Z{F5 &,
R TOREERNNTES

— EUVREEER R, /DSEAEF

BIRILXF—ES4AVRE
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HIC atE. ~ afew 100 MeV/A

@ Physics of Fragmentation and Liquid-Gas Phase transition

» {ERTIE p, ~(0.3-0.6) p, [CHLVT, dP/dp, < 0 (spinodal region)
— —HREEPEIIFIRELLGY . BRELKMENKTEFT S,

SN Matter Adiabatic Path (Y| =0.35) 2, A YA GO0 AMSY
20 o [ O "C,"%0 +™'Ag,"Au, 30-B4 AMeV |
----- 10 20 1 — A ZNe+""Ta, 8 AMeV "; =
oex. BGUd%/— | 8-— V10 <E >/'<A> + 1
%
2 6 #_ .
= AL ﬁw % |
0 A . . . Nr (<E >/<Pe> = 2 MeV) |
0 0.05 0.1 0.15 0.2
o 1 T S S S
pg (fm ™) o) 5 10 15 20
-~ <Ep> /<A> (MeV)
N
= B RIGELD J. Pochadzalla et al (GSI-ALLADIN collab.),
JEJ 1l - FE—RITRIH T PRL 75 (1995) 1040.
Y (*He)/Y (*He)

oc exp(ABIT)

Y (L)Y (°Li)
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Molecular Dynamics Study of Fragmentation

@ Quantum Molecular Dynamics (QMD)
& Antisymmetrized Molecular Dynamics (AMD)
— Reaction Dynamics, Mass & Isotope Dist.

1203 (28. 7 MeV /u) + 12C

n He After Decay

107

107 ¢

s
=
et

P
=
=

=
=
T

1R

Total Cross Section [mb]

ot b

0t

0 4 6 g8 1w 12 14
Mass Number

Ono, Horiuchi, Maruyama, Ohnishi,
Maruyama, Ohnishi, Horiuchi, PRC45('92)2355 PTP87('92)1185
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% [fm]

Molecular Dynamics Study of Fragmentation
o ISYUANRTERDIFRE

+ Equation of Motion

Gauss FROD(R¥FL)IRKRNBIR+ FHKFE S RE
— (FHHM)ERHFFER

» DS R3—HE
RRETHHEZER DAV FOREZRFREEHE

> $REtHAE _
FRFRZOBEIRILI—LAEBEINSHMETNICHIESES

(after burner)

12C (28.7 MeV /u) + 12C

o T o] B o t=155{m/c
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Molecular Dynamics Study of Fragmentation
o FIFISal—iavTORRBRYY—IL

> BEtHEERTEAONARRIAT—ILEYEHEL
— PSS AL—2avORER

12C (28. 7 MeV fu) + *C 10f £ AMD + AMD-OLig,=0.4) k
— 10° i :
o) o AMD 107 F
-ﬁ 107} . oAfter Decay E ::gu -
o 4
‘E 100} S 10_F
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G w 107 F
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= 2 qp?
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10 B il
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Ono et al., 1992 Hirata,Nara,Ohnishi,Harada,Randrup, 1999

BIRILX—EBEAAV R 66



Lessons from HIC @ 100 A MeV

o DS AVMDER
— FT HERORELGMEL-RFEZNMESH,
ZORETIHREICKY ZLDRFENESN B,

» TREGERFREOBEVEIEREDOREEY ~ AEZEMH )
— BULRBR T —ILTOROBEIRILF—5
RGOS L—a  TRERATRETH A,
» EERBIZT AN, BIRILEX—CORZFBRHHIZIL,
IRNF—RPNDE—> HEHRERLOBAEDLENBE,

o Rt ERBOBRFRRT—ILAGELMESDOREER

*» BA4FA>(,t,3He,...). PFEEEFIMP)ERIE

RMERETHECS

— EFHESE, Coalescence B, B AV BHROWMEF%
HoDITHMYANSIBENHS,

> FFERT—ILETDEFFETEELNEASH
— B E TO Pasta PREE 4 RS
(BELCHALSAL—2aVKYBVLRETECS,
fEam (X REREEL)
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