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HIC Transport Models: Five Major Origins

Nuclear Mean Field Dynamics

@ Basic Element of Low Energy Nuclear Physics

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

@ Main Source of Particle Production

@ Boltzmann equation — Intranuclear Cascade Models
Relativistic Hydrodynamics

@ Most Successful Picture at RHIC

Classical Field Dynamics
@ C(lassical Gluon Field = Initial condition of Hydro. at Collider Energies
Partonic Interaction and String Decay

@ Main Source of high pT Particles at Collider Energies
@ JETSET + (previous) PYTHIA (Lund model) — (new) PYTHIA
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Success of Hydrodynamics at RHIC

s RENZE (ZLHRE) FRIRILEF—BE(A U EROT 5%
RE(ZEREA

o HIEHET—2 ([AN/dy) ZBIRTBE5ICE5EZRSE.
BROO—W) GEDYRBREZBH

s JEERAENBOERIE s =1-3)4r DBEIZT—4%5HE

@ String Theory D% & [X5@#E S B[R T n/s=1/4n
P.Kovtun, D.T.Son, A.O.Starinets, PRL94(‘05)111601.

R T 1 ! 1 1 | ——— —— | MC-KLN hydro (n/s) + UrQMD s |
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s ENE = EBFERATORANFEELERNICKYREZ R
o BR-EEERECIEYBHTENEL A

o BHFFEEMHEIEL TV,
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STETRW(1)

s BIERTOIRILXF—EBET VI

e(x) Py
ey = P(x) P(x)

s TEREDIRILEF—EBNRBTVIL. REHALUE
T = (e + P)u"u” — Pg"”, JM =nut
o Tw DTUVIVEEN ut, g DA TIELNTINDET HE
TH = auu” + bg"”
R u=(1,00ZF A Tab NEES,
o Tw, J¢ D4 TTEERIVMLOW A ESEGL !




STETMW (2)
s ERIAEI
0,T"" =0, 9,J" =0
s ut AR — IFAE—RTE
u, 0, T" =u"0,e + (¢ + P)(0,u")
=u(T0,s + po,n) + (I's + un)(0,u")
=70, (su") + po,J"
=T0,(su") =0
o BAEMRNX (s: TVFAE—FE)
de =Tds+ udn, e+ P =Ts+ un

° utu, =1 &Y o (u* u,)=u*du, =0

ERRAE T O —RET B !




T (3)
sy [CEELTAER - AM45—FAEX

AFY = g'" — utu”

A0, TP = -0, P+ u,u”0,P + (¢ + P)u”0,u,, =0 ()

o uwtd, ~IT3Vas D)
uwo, =70 +v-V)=~D,

o (*) XDZEMAES N.R.: ¢>>P,vDP << VP)

— VP +~7*vDP + v(e + P)D;(yv) =0
ov

N.R.—m[aqt(v V)v } —VP

F15—FBX . RAERFOZ T NETENAERNERS

-. = ?QS
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REMETTIE (1)

s TRIILX—EBETUOVILOR -BXRE-EEHEXDER
s Landau-Lifshitz O)3E%

o MNDF—HRIEADHLSE, RERANSOIN>TEREBITH
mESH — Mtk

o E—HRHEHNKRSBNELT, N LRAFERICOLTH S EEH.
F=IMOE—RTIEMIT HLER.

s IRILF—EEETVVIL-ITOMNAE—F-REFEALUK

THY = T(%’; +T(q’;,s“ = sut + sé),j“ = nut +jé‘1),

Xay = 0(9), T}y = (e +p)u'u” — pg"”

s Landau frame: JifL u# =y(1, v) [EIZRILFT—DHRNEERT,
[c.f. Eckart frame : RIFEH DR |

Local Rest Frame u" = (1, O),T(Of) = O,jél) =0

o uMT(“ll)/ — O,uujéﬁ) =0 (e =uw,T"uy,n = uyj")

-. = 4.\905#
VTP 595 .
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RETETTIE (2)

s EEIAFRER w AR )+ IOE—IEX
u, 0, TH" :u,,E?MT(%'; + u,,(‘?MT(LS

=70, (su") + po,(nu) + aﬂ(uVT(‘g) — ngauuy

=70, s" — T(")’Ms’é) - ,u(")’uj(“l) — Tﬁ’;@uuy =0
B 1 v
0, s" :(‘9“8?1) + ?(3“](“1) + TT(F{)(‘?,/LLV >0
(A) (B)

s FEOBRNIZOVTAFEXNMIL —» 1 ROBEOBERDS
o R5E 1. (A), B) BENRTNIEF=IT0

o 2. 5fy) = — =iy = (A) = = [0.(n/ D] i3,
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FETETAE (3)
s u j, =0 Eft=L, WM D—RELD—MI j/,) = A0, f

—(A) = = (0, A" I (p/T) "= (V) V(u/T) >0

, 5 nl \’
ity = b0, (u/1), a=x(5)

v = thermal conductivity ( 2MEEREE )

s BYIETIEITUOVILERBLTERS,
X TIREA DA (uEBER ) DTUVIWNEEZDHDT,

1
XM = XS SNVTIA X (TraX = Apo XP7)

1 1
D — 5 (XHY 4+ XVH) — gAWTrAX

X+ [& symmetric, traceless, transverse tensor
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HTETE (4)
BIR—I D9 fEE T(1) A symmetric, transverse TdhDE.

T(“S = APPT, . A% (Tpo = Top)

ZESE. B) [FRDESITKRFES,
T x (B) = A1) A% 1y = 100 A7, VU
1 1
— T<PV> _I_ gApVTI'AT:| |:V<10U,V> _|_ gApV(v'u’U,:u)

1
= T<pv>V - u"” + gTrAT(VuuM)

F—H, EHIIMHITES T, EHICEFEEEOREMS,

T(’i'g = 2nVHuY” + (AP (V,uf) (n > 0,¢ > 0)

n= shear viscosity ( " Y§EtE ), ¢ = bulk viscosity ( {FFEHETE)

(0
4

B + I> hOE—BX - 77, s DR EEERE (x, n, O

......
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Bjorken flow (1)

s BEIRIILX—IED mid-rapidity fE1E Tl
WLELAYIZ boost invariant ZRENEREISHW TS ERFSI D,

dN 1 b+ P,
d—y:const.,y:§log = p
(y = rapidity, z BiIF R D boost [CHL TERFEITEILT I HEE")

Au+Au (Vs = 130 A GeV)

PHOBOS —— JAM —
800 | BRAHMS (5%) —=— 1

t Hadron Gas soo | THENX(E%) —

=/ -

dN/dn
=9
(=]
(=]

2 Mid-Central (15-25%) -

PHOEbS . ' .JAM:[s-sa%} .

6 | (refl) —&= (b<13m) ===
STAR (5-53%) —&-
i/ % 4 ]
}N : - e, .
2| *#LF T M * _
+ J! -rL ¢
0 .

4 2 o0 2 a
Pseudorapidity 1 Sahu+ (2006)
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Bjorken flow (2)
s Bjorken flow = boost R ELSTLETRAFRE
o MAEERRIE v=2t=—FDRIZB->T 1 RE@ETHELERTE
ut =~(1,0,0,v,) = (t/1,0,0,z/7) = (coshn, 0,0, sinh n)

1 t
T:\/tQ—zz,n:—log t2

2 t—z
t =7coshn, z =7sinhn

—ul0, =0,, out' =1/7

o ST I(-}I:(Siront v, = 2/t
@+£:O—>S(7):ES(TQ) \GP
or 7 T Q
% e+P 0
ot r
o\ 1A
= (?O) e(10) (P = Ae)




Bjorken flow (3)

s SAEEDLE
o TLEREBEHAELITNIE, QGP £ IV MIE—FIXIFRE
o EEONBEHAFTIE. TorAE—/ BIFH ~ 4

dS dN
S~¢EN (E~4), — = — 1R Tis(Tf) f?TRQTfTL(Tf) 5@
volume =
(r,= EEEER) HAR
Au+Au (Vs = 130 A GeV)
'j EI*)L¥_E4T‘/E§T® 800 PHOBOS —— JAM ——
£ RRIF8 ~ 1000 / one rapidity [ = |

— dS/dy ~ 4000 -

s uu.ﬁi*;?':kckéﬁﬁ 200 |
— BEEER] ©, = (0.6-1.5) fm/c

dN/dn

¥ Mid-Central (15-25%)

PHOEbS . ' .JAM:[S-B.'}%} -

6 | (refl) —5- (b<13fm) ===+
STAR (5-53%) —&-
o EHROKE -5 fmic &Y Lo
BEIZEL, 2| | A7 Ry
? Tth —Ca)xgﬁljbnt‘,_ﬁgli u 4 F;geudoripidiwé :
*)J%q ) Iﬁllmwlﬁo)#ﬁéﬂ_'\?o Sahu+ (2006)
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Short Summary

s FeE NP CEMED) —BBICF A RTREGEEL VR A
o BT EHICESITHEHEDHREN (ZEHHE - BAFEH+Fh)

@ ﬁ#ﬁ“b‘ EREODHFEAXA
uu.ﬁS'Cld:I./H:ll: DHEF + BB/ AI5—AHER

e 1%7—'?&'] o RE. BNDFE2ZENS 1 XD ) FHiERAEFER

s (351E) RIENFRKIELDG.

)il

=D

@ HIC, aAVN\JFREHRR, X[ TH
@ RHIC, LHC TOF A NZED RIS

— /s =(1-3)4n [FRAM)ITE

DB S BROBREZF

o FE: CCTHEALE—ROMBERFIIARBERS . HH* RIS
FELEEAREEZLBEI<E. MABAO_RETERL, LK
DHIDBRMEFMZBEATILELN DS,
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Boltzmann FFEZC (1)

s FHEHBTEORWMEZERRETIX, BAAEEHARIESHZEL
— JEE i EEE AN E (Boltzmann Eq. [FFDHRKEK)

s Boltzmann equation (classical particle)

of

E—Hj -V f = Ion
Ioon = — / dpQ(;Zi;jm w1234 [f1f2 — f3.4]
d do
=~ | v G o= fuf

o f= MIHEZEES MBI, w= BBhEE

N LR Y 2= PQSs
e\ #
ol 20




Boltzmann FFEZC (2)
s LM
fif2 = f3fa — log f1 +log f2 = log f3 + log f4
o 2KEETHDRFE =Energy & Momentum
log f = —B(z)uu(z)p" + C — f(z,p,t) = exp(—B(z)uu(z)p" + C)
o B)=1/T(x), u,(x)=4 TLRERETHE BLRTRILIYIV G0
s IOMAE—DEMN H TE)
o [

@ - / dxdp Of
dt (27)3 Ot

:/dri log(f1f2/f3fa)(fifo/ f3fa—1)[f3f4 Z\O

dU =w1a_34dxdpidpadpsdp,/(2m)* (X —=1)logX >0

log f = /dFlog fi(fifz — f3[4)

NS\ T = PQSs




Boltzmann 5% 2( (3)
s Fermion, Boson @ Boltzmann Eq. ( E-F#i&H)

TFB _ / dp2dp3dps

wi2—34 [f1f2(LF f3)(LF fa) — f3f2(LF f1)(1 F f2)]

coll = 2m)9
s FE5HMh
fif2(1 = f3)(1 = fa) = fafa(1 = f1)(1 = f2)
%loglilfl +log 1fo2 zloglf”fg +loglf4f4
— f(x,p,t) = :

exp([B(x)uy(2)p — Blx)pu(x)] + 1
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FiZE N F
Time-Dependent Hartree-Fock
& Viasov Equation
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TDHF and Viasov Equation

0P,

# Time-Dependent Mean Field Theory (e.g., TDHF) ih >

# Density Matrix
Occ

=Y ¢i(r)¢;(r') — pw = f (phase space dist.)

s TDHF for Density Matrix

%) o
ih=C = [h, p] af

= ho;

5 = {hw, [} + O(W*)

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

Aw (r,p) = /dBSeXp(—ip s/h)(r+s/2|A|r—s/2)
( B)W AW eXp(’LhA/Q)BW

A=V, V,-V,.V,
[A, B] — QZAW sm(hA/Q)BW = 1h {Aw, BW}PB + O(hg)

(ZEHRF ERTY SAEMMDRIFABEHE | )

LA A wQas
LTYITP <725 24




Test Particle Method

s Vlasov Equation

g{ {hw, f}pB =

# (Classical Hamiltonian

of

8t+v Vfi—=VU-V,f=0

oy (r.p) = P + U(r)

2m
# Test Particle Method (C. Y. Wong, 1982)
)3 AN . .
i Pi
5 - ) 7) p— h , _— = — h
f(r E (r—mr)d(p—p;) — Jt V phwy dt V hy

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

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

g—{Jrv-Vf—VU-fo:C[f]

Cl] = - / AT dT5dT s34 L1 fa(L T f3)(LF f2) = fofa(L T SO F fo)]

8 Incorporated Physics in BUU 1-f,

@ Mean Field Evolution

@ (Incoherent) Two-Body Collisions

@ Pauli Blocking in Two-Body Collisions O/Tt

I,

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




Comarison of TDHF, Viasov and BUU(VUU)

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




Heavy-Ion Collisions at Einc ~ (1I-100) A GeV

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

AGS

SPS




Hydrodynamics vs Transport

4 \/SNN <20 GeV — Transport model calculation seems to

explain v2 data.
s RHIC (& LHC) — Hydrodynamics is successful.

o
--'N B UL L L
0.08 — . > 0.25| HYDRO limits .
Proton v, for AGS to SPS Energies B ——————— _
0.06 | - - l .
ol AGS SPS 0.2 I .
| e ——— | £ ;
| ‘ 0.15F & .
> 0 1 . %? %%:ﬁ !
- . -
-0.02 | MH — ] 0.1 [ o ® — 3 E,/A=11.8 GeV, EBTT B
-0.04 | MS ] i ? @ E_/A=40 GeV. NA4D ]
S —— 0.05 - L] —@— E_ /A=158 GeV, NA4D A
-0.06 MSﬁ\IS) T i @ t —=fe— 5, =130 GeV, STAR ]
_0.08 L. o .~ Exp. —e— i —h— \[5,,=200 GeV/, STAR Praiim. |

1 10 100 Ulll'

E,.. (AGeV) 0 5 10 15 20 | I2I5I B I3IU'I B I35

(1/S) dN _, /dy
M. Isse, AO, N. Otuka, P.K. Sahu, Y. Nara, U. W. Heinz, AIP Conf.Proc. 739 ('05) 163
PRC72 ('05) 064908 [nucl-th/0502058] [nucl-th/0407067]
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Short Summary

s MRIFEFEHFHRMY Anf-RFZBESEE (T
it A O LW EER D RE A

o MHERIARNALMRENICIMYANSD 2 BREHRKAICESD
MIERIARIR(L ., FFTEIRE DR E FE R EAETHAE D RSRICHER)

P BIRILF—DRIGTHRIKETOH

s Wigner ZH[IEFRETHRM/ZEDLSCERLS
@ TDHF — Vlasov A 2=

o Z|FERTVY

RICHIERE A NE

Fik

FEIMDBRIIT R THLMEHY
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LiR—F & (Sec. 7)

s KAHYUSESHRTESEBEEROTIRHELTESLY,
[ BT (ERR A) LRI

s AYTHEREBMEOBELIRESET,
s Rep.7-1: X RIVEBRFREFTIEXD Bjorken FETIE
RBIRILF—DEDT S,

Gg::) = —P Jor d(1e)Ay = —PdrAy]

%_Eté.ﬁ l./s %o)ﬁﬁéﬁ&*o

s Rep.7-2: BRXFAT 3 RTMIZEERT SN v = (txy,z)/t DE
ETCRERABDIVFOE—FEIL v=(2-x2-y2-22)12 QRFHELT
EDIIIABEIMN? (&P [T DHDEEET S, )
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LiR— 7 (Sec. 7)
s Rep.7-3: Boltzmann AR ICENTH FHEIRILF—

dxdp dzxdp p’
N:/ Sf(w7p7t)7 E:/ gf(wapﬂf)%

NRFTHCEETE, T=2MBEH fr ZHWVTITILEF O RD
IvhAE—%ZEEL. 7I)b~ﬁn+’é§'¢?ﬁ§ﬁk$éﬁrﬂﬁ4 I
ST, ITorOE—NEINT S EERE

s Rep.7-4:( FBELTIIHMAFEA)
Wigner Z#0D14H

([A, B)w = ib{Aw, By Yps + O(R?)

zrE,
(Ring-Schuck text 0 Appendix S8, EEITYT, )

The Nuclear
Many-Body Problem

¥ 8973 @ amazon S

(check library & nuclear theory lab.)
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