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RHIC [ZH 1B Z B FEEDER

# Early Thermalization ( T ~ 0.6 fm/c)

@ Glauber type D#EAEME + TE2RAE + EOETEL
— v, %@ RHIC T—4%[5<5%H

s RVEAEELDOERE? - TIL—FUIBOFREMELR

@ Weibel NELEME Mrowcynzki; Dumitru, Schenke, Strickland, Nara
= FEAEHETHTEF ODAFINTI—GITTALEEEZL-6T

@ Nielsen-Olesen ANELEMY Iwazaki, Itakura, Fujii
= BUVEIGICELELNHLIEEDHT—EBADFALE N

s HHFTOIVOE—ENE
= Kolmogorov-Sinai (KS) T>rAE— ( 1IE Lyapunov 521D #0)

SKS=ZAn9(An) 6 X,;=6 X ,(t=0)exp(A,1)

o WHMEDARENE (HWFAMIRSFE ) NI OE—ERDIEIR
E.g. Biro, Gong, Muller, Trayanov, 1994 — 1= 0.4 fm/c
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I rOE—4£RL
s N Ko mBERIZETHI OE—
o HH/\Z)LF R (Boltzmann; Wehrl) — Liouville FEIZKYRTF

dx d
Syom=—| ' nﬁ)flogf

@ =-F% (von Neumann) — $fIRETHNILEIZO
S v =—Tr|plogpl|= Z w, logw,
(f, p — ZRDHmEZK. m‘l'"ﬁ?ll)
— Ao DNEHRDEXIDNBE

AN EWMEEDNFHRDEX
RARZMSHROFEN — BASIRATTLE - E81L

I — —
t evol. Coarse
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BDEHICHI1SI I OE—LMERIE
s NAOHEH — 1 A7 mER
S=f dI'(—flog f+o(1+o f)log(1+o f)] (o==1 for F/B)
@ Kadanoff-Baym AREXZHALV-FERERL-EYHKL
Kita,2006, Ivanov, Knoll, Voskresensky, 2000; Nishiyama,2008.
@ 15 coherence MFELVGE [ZEHA A GED ?

s GOEHZEFERAWSGE = Wigner NEZ
Mrowczynski, Muller, 1994

o EFNF: FEITH — Wigner BAE ({BZERI D)
o IGMDEE: IEELEM= (O, ) —» Wigner JLEEEX

o fElREr : Wigner B#UIIEIZEYSS
Liouville I &Y Wehrl T bAE—I[E—

Husimi B#{ (= &=/NER THMBRIEL - Wigner BE%) (CKYUFE@L 1=
Wehrl TohOE—DEMEFI KS TOMOE—E—EHTHM?

— EFHNF & ZOHEE
Ohnishi, JPS @ Rikkyo, 2009/03/28




Wigner Bi%x & Husimi B5#¢
s Wigner B W (x, p)=] dsexp(—ips) (x+=[plx—)
o EFAERX H=p2m+ V() DBE. i

ow _D ow oV ow O(h )
ot m O0x Ox Op
o MHELHE(Z/A>T Wigner BAEUE— 3 (Liouville DEIE)
— Wehrl TV RAE—([E—FE
s Husimi B§#¥ = Wigner B8 Zz&/MNERTFHIE
ip' dx’ 1 F 2 A 2 T S |
Ha(p,x:;t) = [ rg’;;a exp (—E{p —p ) - E{.T — _J‘) Wip,x:t)

BREEATHN D e/ INE R COHFRHE — 49 1 or 0
Husimi-Wehrl —> b &2 &"—

f dx dp ~H(x, p)logH (x, p)
(21 H)”
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Wigner JIET# & Husimi J1EG%
s IBOEGIZH ('}’%) Wigner B8 % =Wigner ;N.EH &K
W (), ®(x); t [DE,,J{.L o—i [ da I (z)p(z) Mrowcynsky, Muller, 1994

<(@(x) + 50(2)| plt) [B(x) — ()

s BEHERTTOEHHER
- > d - -
o= [ 52 (A @) + (6 +m)d (p)d))
. g0 T oW |® 11 ;t] )
H=H +V|®] ~ H W] o +O(H)
(©, 1) ZEEZHELHRHEISA>T W (E—

s Husimi JNEI%K

H, (P, II t)= ID(I) . (p)exp—

I-11'"V—A(d—D')

w(d,IT,¢)

s Husimi-Wehrl TFAE— Spalt)= - DIT De Haln Hx
' 2m | |

4\903*—
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Wigner( i) EIXDFFREIZERE

s Example: @ ERFIRE)FRT >+ IL (Roll-Over transition )
242 9 a2

_p A o ob -

~ 9 (E) _<E) “[i'z]

s Lyapunov 5% =

P

)C or L= /d::—

A,

x+§=< +8) _exp(ar) . x—%=(x—£) exp(—At)

(A, =+u’—p’ for QFT with |p|<pu)

s Kolmogorov-Sinai (KS) T rAOE—

=hHEEMNISHFFINSD
T hAE—ENSER

S =AM
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Wigner( N ) B DFFREIFEE

s Example: #FERAFIRE)FHR T2+ )L (Roll-Over transition )
> .2 5 oz
_p A > 1| oD\~ [od
=G -gx o - [u3|(F) - (3) “"'%E]
s Wigner( N ) BE&k “ “
— Liouville F¥IZ&KY
GREZRAEIE—E
— I hOE—IE—5E
(x+p/h) EERRIL AR
(x-p/A) EEAR YR

0

s Husimi (GL) BE&X
— Wigner B8%8% smearing
— (x-p/A) EEEEM
N A RRDIE

P TS e TR S

A=1, M=0, 2
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I ROE—1EmE

s ZOERDIGE
s MEAKH =TV H

H[}E
J &M D

s (O, 1) OHHEFE"[CEO>T W [E—F
— t=0 [ZTE>T W ZiMiiTE5

FAZEE—F(p|<p) Ap=\/u2—p2

(1)
Ap

ig —= @ (t) cosh Apt — sinh Apt Hg = [I(t) cosh Apt — Ap @p(f) sinh Ayt

ZEE—F (p|>n)
IT,(t)

Wy

0 - " S | :
Py = Pp(t) coswpt — Sin Wyl IT) = My(t) coswpt + wp Pp(t) sin wpt
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I ROE—1EmE

s Husimi-Wehrl T2 hOE—

. DI D
Spalt) = - :

Hﬂ ]IIHJI

dSH A . L’:/l dp {Ip{ﬂg + )kgj sinh 2A,¢
lp|<n

dt 0 DT Ap(t)A 12 -
Unstable
"'Vf dp Sp{wg—dg}ﬂinﬂu;pt 10
p|>p 2T Ap(t)A 8
= I
t— OO L{r‘/’ﬂﬁi_tﬂl “ 6
_p 2T 4 4
2 R
0

BOERIEWNT. ENEFNOT—) I IZxL T,
Husimi-Wehrl T rOE—DEMENKS T rOE—E—E

Ohnishi, JPS @ Rikkyo, 2009/03/28



Summary
s JEEEHGIRR T TEHEDIVMNOE—%EHI T 55 EEIRE
o Wigner N+ VR (&/I) IKERICK DRI = Husimi FLEIEK

o IAZER (0, I1) THEDLI= Wehrl TURAOE—DBINZE(L
W ERFNIREYF (25t L TIE Kolmogorov-Sinai(KS) T hOE—&—E

@ Hamiltonian A (@, 1) D2RETHDIHFE. HKV hbar —» 0 TIE,
HHEEE+ D RXEERIZES smearing [Z&Y Husimi JHLEI%K.
Husimi-Wehrl T2 bOE—% i 8E,

@ Inflation 1®32(ZHBEFHTRIEE (Kunihiro, Muller, AO, Schafer, 2009)

s MRER-SRODRE

o KETEATHOI MAE—ZBXEFE (E.g A0, Randrup)

@ ONN) RBGE, FHESAHIIGHICIXEMENKS TobAE—DH
59 NB (Pattanayak, private comm.)

@ Classical Yang-Mills #2&8!~D&EH
(Gong, Muller, Biro, 1994; Biro et al., 1994
4\?Q1Yamamoto, Takahashi, Kunihiro, Muller, AO, Schafer, to be done)
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BEHHFEDIT O —

a uﬂ*”ﬂ&@]% Sun = _Z w,, Inaw, = ﬂ —In(1 — ff_j'i”;"ljl
— E + l;ﬁQI_E n=>0 TL - L
2 2 =—fnlnn+(n+1)lnn+1).

s EBT o

Husimi-Wehrl T2 ~AE _(j: Sw =1—1In Bs=1+1In (n + é)
2N S L
von Neumann T hOE—&U X S —1—InAy— 1+In(m+1)

I YPS
BERDILDIRIILF—MEICKY., | -
FRLTIOE—DOBEFRM 3} Husimi-Wehrl
N5, (A0, Randrup, 1997) |

L 2f .
2= [dr e 2 e

: 1 \
5} I
— / dl" exp [— f fiiii?{ﬁ:(ﬂ} [ von Neumann
; [

0o 2 4 6 8 10
T/hw
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Entropy Production before QGP
s Initial (1< 1/Q,)
Decoherence — dS/dy = 1500 (A.Schafer)
Initial Condition Fluctuation from CGC —
Something (Nara)
s Glasma (1/Q_<71<T71,__ )
Instability, h, . — AS/Sth ~ (30-40) % (A.Schafer,
Strickland)

s Hydro (1, <7<T1__ )
‘Qh nnnnn A hulls viie~rAacihyvg S ACQ/IQ 2N o/ (Frles
pCDLCGC | 3 ,
Na p(QCD+HTL hydrodynamics
«Ha I | -

e " therm T hadre |
< wi! 1"I{.:.'-i. 052 fm'c ! ]_Cﬁla_



Entropy Production before QGP
s \What is the GOAL ?

dN/dy ~ 1000 (central) [ o 0 v

—» dS/dy ~ 4000 (S/N~4) o

assuming ALL the hadrons i gos |
produced from thermalized « = | T eseanya—
20 ﬂnyd N
s Some of the particles are prod - PO
0 N 5TAR(:¢} -

via (unthermalized) jet and Re

Do we already have enough source
of Entropy during this workshop ?
Are these description consistent ?
Coarse graining: when, how ?

— Let's keep in touch

STAR(prelim.) O
PHENIX(prelim.) ©

0 2 4 1] 8 10
|Isse, Hirano, Mizukawa, AO, Yoshino, Nara, Pt (GeV/o)

4\‘,ng Mod. Phys. E16 (2007), 2338 [nucl-th/0702068]
Ohnishi, QH seminar, 2008/05/02 15




Comelexi@ Degree: Second Moment

# Small average Husimi function would be a measure of chaoticity
Sugita, Aiba, J. Phys. A 36 (2001), 908]1.

H = é(ﬁﬁ +p7) + é(r" +y') — kzy?

e 1
Walpr) = ——
Ms(pw)
1, 5000
My (og) = dpdqg i ]2
Malen) = | Grpe pulp.q) .
rh
. 4000 - =02 -
3000 | ot ;5:5;
& I Y mfgwf
= . % &‘3 TR
2000 | o i +C5"H ‘ff:ﬁ
: *%%%ﬁ?ﬁ"ﬁ
o d jﬁ”ﬂﬁisﬁfiﬂ :; 1+#++
1000 ) * ’_& ﬁ._"""":..‘?ﬁ;; 'l"'++ff:++1-+u - :
Lepgfh weteds P Eaea ity
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TDHF and Viasov Equation

# Time-Dependent Mean Field Theory (e.g., TDHF) ik 8;4) =he,

ot
. Dens1ty Matrlx
Z b (r p,= [ (phase space density)
s TDHF for Dens1ty Matrix
op of _
lhat [h ,0] - ot { W)f}PB_I_O(h)

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

0, (r, p)Ef d’ sexp(—i p-slk)<r+s/2|0|r—s/2>
(AB)y=Ayexp(ihA)B, A=V '.-V -V'.V, (V'acts on the left)
| A, B, =2id,sin(hAI2)B,=i#{A,, B,|,,+O(k)

weony
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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
8 Test Particle Method (C. Y. Wong, 1982)
AN
- dr. dp.
—_—— 6 — 5 — . > Z=Vh, l=_vh)

Mean Field Evolution can be simulated
by Classical Test Particles

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

o
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Wigner Function

# Example: Inverted Harmonic Oscillator . _ 1 1 ,13 2
| ?—'

o

8 Equation of Motion s 2

= =7 Hsin(AAI2)W [H;W]P.B.

(AB)y=Ayexp(ihA)B, A=V 'V V' .V, (V'acts on the left)

H contains only p? and x* — No O( hbar?®) terms
— Classical EOM gives exact results

dx _ dp_A N ( X )=(cosh2\t sinh A ¢

X0
a P ar p/A] \sinhAt coshAt

Pol A

# Solution : Wigner function 1s constant along the classical path
Wix, p:t)=W(xy(x,p.t), py(x, p,1);t=0)
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