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3D Hydro+UrQMD Mode

a and Bass PRC75:014902(2007)

E Relativistic Heavy lon Collision
« Schematic sketch

collision thermalization hydrodynamical hadronization freeze-out

®3D Hydro + UrQMD expansion
Full 3-d Hydrodynamics : UrQMD

Hadron:ization |
EoS :1st order phase transition M Cooper-Frye! final state

QGP + excluded volume model . formula | interactions
. Monte Carloﬂ

T Tsw t fm/c
T -:critical temperature > T,,: Hydro = UrQMD
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Highlight of 3D Hydro+UrQMD

Nonaka and Bass PRC75:014902(2007)

centrality 0-5 %
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1 000 Charged Hadrons
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Realistic Equation of States

E 3D Hydro + UrQMD
Full 3-d Hydrodynamics | . UrQMD
Hadronjzation
EoS :1st order phase transition ‘ Cooper-Frye |  final state

QGP + excluded volume model . formula ; interactions
. Monte Carlo‘

T Tsw t fm/c
T -:critical temperature > T,,: Hydro = UrQMD

initial conditions equation of states freezeout process
sparametrization *bag model \VViscosity effect of

hadron phase

*Final state interactions
Realistic EOS with QCD critical point
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EOS with QCD Ciritical Point

] l_\lgnaka anc! Asakawa, PRQ71 ,044904(2005)
B Singular part near QCD critical point + Non-singular part

* Non-singular part
QGP phase and hadron phase
« Singular part

3d Ising Mode| —<Cmmmm=p- QCD

T, Same Universality Class

Te I, ug
h:extermal magnetic field (I/', h) S’ (T’ALLB)

r

Mapping (r, h) = (T, ug) T
Matching with known QGP and
hadronic entropy density

Thermodynamical quantities
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Equation of State

T, =154.7 [MeV], u, =367.7 [MeV]
QCD critical point

ng [fm 3]
0.6
04
02
0
160 %
e0 200 400 600 1 80 400 000

: : 200
T [MeV] ' ug[MeV] T[Mev] O ug [MeV]

entropy density baryon number density
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Isentropic Trajectories

E Isentropic trajectories: ng/s=const. line

T, =1547 MeV, u, =3677MeV T, =143.7MeV, u, =652.0MeV

500 (299:145) 1 ~ 0(200,461) 00 -

0.29 (155,361)

0.4 (119,227)

0.4 (144,48

100 200 300 400 500 600 00 o 0
us [MeV] 8[MeV]

*Behavior of focusing depends on the location of QCP on T-u; plane.
*The focusing effect appears stronger in the case (T,u;)=(143,652).
*The location of QCP is a parameter. ==smlp Experiments
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Comparison with Bag Model

B Isentropic trajectories on T- u; plane

Bag Model +

_ n _ Excluded Volume Approximation
With QCD critical point (No Critical Point)

= Usual Hydro Calculation

/.

300 500 | QCI)O | %IOO | 4(1)0 |
tg[MeV] “us[MeV]

Focused Not Focused
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3D Hydro+UrQMD with QCP

B Initial Conditions

QcP: Te =143.7MeV, u;=652.0MeV

* Energy density
(X, y,M) =€, W (X, y;0)H(1)

« Baryon number density
nB (‘x’y7n) = anaxW (x9y>b)H(n)

« Parameters [7,=0.6 fm/c
1,=0.5 0,=1.5

* Flow
v =n (Bjorken'’s solution); v,=0
E EOS: QCP, Bag Model
E Switching temperature
Tow=150 [MeV]

*longitudinal direction: H(n)

initial energy density

b=2.4 fm

max

GeV/fm3

1.5

2.0
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Isentropic Trajectories in Hydro

« Tand ugin one volume element QcP: Te =143.7MeV, u;=652.0MeV
close to center

Hydro with QCD critical point Hydro with Bag Model

ug [MeV]

*T=110 MeV

*Behavior of isentropic trajectories in hydro with QCP is different from
one in hydro with bag model.

*Focusing effect appears in hydro with QCD critical point.
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P Spectra in 3D Hydro

Hydro with QCD critical point

w

Hydro with Bag Model
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1/(27) PdN/dP; dy [GeV)]
a

1/(27) PrdN/dP; dy [GeV]

IS

IS

with Bag Model

-
o

-

o

P-[GeVI]

*7.=110 MeV
*P; slope is almost the same.
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3D Hydro + UrQMD

Hydro with QCD critical point Hydro with Bag Model

Switching temperature: 150 MeV
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P Spectra

QCD critical point Bag Model

with Bag Model
1
A2

1/(27) P;ydN/dP; dy [GeV'’]

'y
o

1/(27) PydN/dP; dy [GeV'’]

-
(=]

IS
IS

o
o

P+ [GeV] P; [GeV]

*P; slope is almost the same.
Larger difference of different initial conditions appears in the case of QCP.
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Hadron Ratios

1/(27) PrdN/dP; dy [GeV]

—
o

A

QCD critical point

Bag Model

f{s;:':'.

4

TTT

1/(27) PtdN/dP; dy [GeV]

N

Bag Model
o
B K
Ap

—
o

Because of focusing effect
At Tgyy <‘uB>QCP > <‘uB>BG
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Summary

E 3D Hydro + UrQMD Model with the QCD critical pomt
 |sentropic trajectories T AN
* P;spectra, hadron ratio : _
E The QCD critical point search f Focusiﬁg_,_x_z___ |

« Energy scan 100 300 500 700
u [MeVI

parameter sets of ¢ and ngin initial conditions
« Switching temperature dependence
» Location of QCD critical point
E Physical observables
* Fluctuations
« Balance function
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BACKUP



Mean P Fluctuation

P. <1 GeV

T p K
1 0.567E-02 0.266E-01 0.156E-0O1
2 0.416E-02 0.242E-01 0.115E-O1

*In this calculation, definition of mean Pt
fluctuation is different from CERES.

preliminary
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CEP and Its Consequences

Consequences
e Slowing out of equilibrium

Large fluctuation
e Freeze out temperature at RHIC
e Fluctuation

Existence and location of CEP in phase diagram: : FOCUSiAQ\C

Collision energy dependent experiments are

indispensable. L .
100 300 500 700

Work in Progress i MeV]

e Realistic hydro calculation with critical point
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Sound Velocity

<) . .
E EoS Hydrodynamic Expansion
c -
0E |, /s Ex. Rischke et al. nucl-th/9504021
) ap o AutAu, b=3 fm
C?> ="
) de ngls QGP 150
/ oy
2
'-c‘;%>< 100
hadron Mixed 2 N
€ €q €
/ £, [AGeV]
Effect of mixed phase?
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Shear Viscosity

1 2
[195 +0(e )]

N _|[ e
nO geq,O
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Lattice QCD at finite T and pg

T (MeV)

165 [ 7
:*"ﬁ-m:;‘ :
x,
164 N m"",, crossover ]
n ‘!.x ¢ .
b x' p—
L X, 4
163 i ‘A'-.x —
_ < hadronic phase » "%,_endpoint ]
| i B ’ x'i ]
162 [ il
_i I I | | I I | | L1 1 1 | L1 1 1 l | I_

-

100 200 300 400
pp (MeV)

* Fodor and Katz (JHEP 0203 (2002) 014)
hep-lat/0402006
» Allton et al. (Bielefeld-Swansea)

B Multi-parameter reweighting technique

f (@) (o)
new method
>

Glasgow method

u

a =(/3,7’I’Z,M)

Overlap problem:
The lattice size Is small.

200 Maezawa san’s talk
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Phenomenological Consequence ?

& i ¥
M. Stephanov, K. Rajagopal, and E.Shuryak,
- PRL81 (1998) 4816
Y9
critical end point u

Divergence of Fluctuation
Correlation Length

Still we need to study If expansion is adiabatic.
B Hadronic Observables : NOT directly reflect properties at CEP

Fluctuation, Collective Flow

B EOS

Focusing in ng/s trajectories
gamics (Time Evolution)
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"Time Evolution

e Berdnikov and Rajagopal’s Schematic Argument

f| . slower (longer) 5 Berinkor ana K Rajgcee
T oy . S. Rev. f

/|7 expansion d

P 4. Correlation Length
’h 7] > longer than Leq
| 40
faster (shorter) |

. %glong r = const. ling

0.5¢1 h

h

Sln 28 ElwilEd Sl w005 E Dl D=l

¢ What's missing:
* Realistic Hydro Calculation with Realistic EOS
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3-d Hydrodynamic Model

Hydrodynamic equation
N ™ | . T" =euu” — p(g" —u"u")

- ¢ :energy density p:pressure u" :local velocity
« Baryon number density conservation

t freeze-out

ju, |0, m[="] -1 e
. || 1
Coordu!!tes AN : s /l//
rodynamica
I.l.l. |.I | m=+1"-4", B -_"I!I e)l(/pansi)é)n
|
thermalization

Lagrangian hydrodynamics
» Tracing the adiabatic path of each
volume element
» Effects of phase transition of observables
Algorithm
« Focusing on conservation law initial particle initial particle

B N gl -5, B Js, [N gls"] -0

Flux of
fluid ™
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Trajectories on the phase diagram

B Lagrangian hydrodynamics

temperature and chemical
potential of volume element

160 boveeee.. (0,-5,0) | ' .
% ( ..... ) ) ,-’ (0,-1,0) of fluid
g —————— BN ::. \! ~ |
=120t (07,00 % " —Pphase |
\ ™ boundary |
o 1 Effect of
¢ N 4 1 phase transition
reeze-out \
40 B 1 1 1 1 \\ | | L -]
0 400 800 1200 1600
1 [MeV]

C.N et al., Eur. Phys.J C17,663(2000)
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Jets in medium

Jet quenching mechanisms

Ex. Nuclear modification factor in 3D hydro

sparton path

1 T T T T T
e PHENIX data
0sl — 2+1d hydro evolution, K=4.2 | |
; — 3+1d hydro evolution, K= 3.6
— parametrized evolution, K = 2.3 -
0.6 .
04r EEE .
0.2F % *
_ % 34
I I . I
00 5 10 15

nucl-th/0611027

with Renk and Ruppert

1 [ T T T T T T 1 T T T T T
08k m  PHENIX (20-30%) - 08 L « PHENIX 0 - 5%, Preliminary

) - — 3D hydro+ AMY,b=24fm
0.6F 1‘ I 7 <06 -
0.4 T ] <04l 3 T

NEEEEassITIL LN e It ]
02F i P vy b
2 I 0.2 SePTTIIEST ¢ iEE L i
< 0 1 M 1 " 1 > 1 M 1 1 0 . . ! + [ ; |
< L 1 1 L} L] 1 L} i i T 1 T ' T
~osk - 08 = PHENIX 20 - 30%, Preliminary

- e PHENIX (0-5%) - F 3D hydro + AMY,b =75 fm
0.6 -1 <06 T B

d L < . ’

B - X - i Ll _TT -{ T |
! Y| 041 ‘——e?ﬁ]}?p:-:ﬁiﬂﬂ 7]
0.2:-.-.111—!'1*!1.111*:{1 i 4 o2 11

0 [ 3 . PR | | PR | i 0 L . | . I — . |
8 10 12 14 16 18 2( 0 5 10 15 20 25

pQCD
*Mixed and hadron phase

py (GeV)

nucl-th/0703019
with Majumder

‘AMY
*gluon bremsstrahlung

Pr (GeVl/c)

arXiv:0705.2575(hep-ph)
with Qin, Ruppert, Turbide
Gale

2008

al
p rl"dia
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'Soﬂ; + Hard

'Soft | :
'+ Full 3-d Hydrodynamic Model Improved
~ + QGP formation, EoS Cooper-Frye | [
’ - formula |
 (Reco) - tfmlc
Final

.‘. Interaction between Soft and Hard LELIENirE il Teracidhe
'Hard | 5

*Hard scattering & jet production | Fragmentationé

* Propagation of jet in medium,
energy loss

- First schematic attempt * Dynamical effect on jets

Hirano & Nara :
PRC66:041901,2002, Jet correlations
MHL01:082301,2003
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Non-Singular Part

B Hadron Phase

« Excluded volume model
P(T,uy) = Epildeal(TnuBi - VoP (T ,ug))

_ E })iideal (T, laBi)
E QGP Phase
2 2 4
P(T,uy) = B2 21Nf)ﬂ: T+ &(M_B) s Nf2 (M_B) P
180 4a-\ 3
N=2

B:Bag constant (220 MeV)#
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Isentropic Trajectories in Hydro

B Conservation law in ideal fluid

i fsju gk®] -0, Elu, |0 g="]-0

=) Hydrodynamic expansion: ng/s =const.

== ng/s =const. lines on T-ug plane: behavior of expansion
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Trajectories on the phase diagram

E Lagrangian hydrodynamics

temperature and chemical
potential of volume element
of fluid

.. /—phase :
™., boundary

1 Effect of
phase transition

| | | LN

1600
C.N et al., Eur. Phys.J C17,663(2000)

300 1200

1 [MeV]

200
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Hadron ratios near CEP

= Chemical Freeze-out

o f—

200 00
> 160}
2 N
— 120f
80

100 300 500 700

U IMeV]

*Hadron ratio (ex. p/x) is not sensitive
to collision energy near CEP.

*Near chemical freeze-out temperature
the contribution from recombination,
resonances is small.

temperature T [MeV]

200

150

100

50

Heinz :hep-ph/0109006

l quark-gluon
plasma

chemical freeze-out

s L

AGS ~<,

hadron gas

atomic
nuclei

AAAAAAAAAAAAAAAAA

0.2 0.4 0.6 0.8 i 1.2 1.4
baryonic chemical potential g |GeV|

*Statistical Model
Free resonance gas model

T

*At chemical freeze-out
Quasi-particle state
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EOS of 3-d Ising Model

E Parametric Representation of EOS
M- M,R"0

h=hRPh(0) = hRP (0 - 0.762016° +0.008046°)
“r=R(1-0)  (R=0, -1.154<0 <1.154)

h . external magnetic field

B =0326
5 =48

Guida and Zinn-Justin NPB486(97)626

T

Mapping QCD
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Singular Part of EOS

E Gibbs Free Energy

Guida and Zinn-Justin NPB486(97)626
G(h,r)=F(M,r)-Mh

ol

Free energy: F(M,r)=hOMOR2‘O‘g(0) - h=|—=
oM )| a=0.11

E Entropy Density for Singular Part
0G| [dh 0G| [ or

i crit_ . . .
= — | T | AUt critical region
oh|, T or|, oT .
t 4
mapping

(r,h) <> (T',uy)

ac| _oF
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Singular Part + Non-singular Part

E Entropy Density

1 1
Sieal (T g ) = 5{1 —tanh[S, (7', u; )]}SH(T,MB) + 5{1 + tanh[SC(T,uB)]}SQ (T,ug)

* S, (T,u,)Hadron Phase (excluded volume model)

rit .. .
So(T,uz) QGP ohase T critical region

‘AMB

cri.t":

* Dimensionless parameter: S_

Sc(Ta MB) = Sc\/(AT::rit)2 + (Atucrit)2 xD
Critical domain

» Choice of parameters: a7

crit®

Atucrit > D

Thermodynamical inequalities Critical exponent near CEP

keeps correctly.
T )|, v iy u N

T,V
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Thermodynamical Quantities

1 1
S (Tou,) = 5{1 — tanh[S, (T, uy 1S, (Touty ) + 5{1 + tanh (S, (Touy 1} S, (T 14)

E Baryon number density

nB(TuB)—aM fau ( ',MB)dT + 110,11
B 0 B

dﬂc

1st order 120l

E Pressure
T

P(Ta ;uB) =fSreaI(T'9 qu)dT"l'P(Oa qu) 80

! .

401

1st order .

= MeV
E Energy Density Me=1020 [MeV]

0 L L L L L
_ _p_ 0 200 400 600 800 1000
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Dimensionless Parameter

I S __ﬁ __aG ah_aG or
‘ oT|, oh|. @l or|, oT

Sc(Ta AuB) = Sc\/(ATcrit)2 + (Atucrit)2 XD

Sc[:

Phase transition region

700
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Focusing and QCD Critical Point

300
tg[MeV]

M. Stephanov, K. Rajagopal, and E.Shuryak,
PRL81 (1998) 4816

If the critical region is large enough

The fine-tuning of the collision energy is not necessary
not only on the high energy side but also on the low energy side.

Chiho NONAKA



Focusing

B ng/s trajectories on T-u plane ¢<—=>Hydrodynamic expansion
Scavenius et al. PRC64(2001)045202

entropy, baryon number conservatiol

100 200 300 400
CHEMICAL POTENTIAL [MeV]

« CEP is not an attractor

for ng/s trajectories.

* Critical phenomena
near CEP ?

12071
= 100} G — 250T
= i g
2 gok =, 200
Ll [ L
o [
S s0f S 1s0fF
< [ < i
o T
“oo40f L 100 F
= ' >
Lt ]
= 20r ~ 50

150 200 250 300 35¢

Linear &agmaonvod sty

BO T T 5 350}
— i — 300F
3 40F 13
A 1 = 250F
B SOF 3 ¥ 200f
> F S [
[ E = L
£ 20f 3 & 150F
L 3 1w E
s | 1 L 100f
10} 1H ;

S50F
0E 1 1 L { 3 O:
310 320 330 340 350 360 0
kJ rT1(§t§@gpAL POTENTIAL [MeV]

100 200 300 400 500
CHEMICAL POTENTIAL [MeV]
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Sound Velocity

<) . .
E EoS Hydrodynamic Expansion
c -
0E |, /s Ex. Rischke et al. nucl-th/9504021
) ap o AutAu, b=3 fm
C?> ="
) de ngls QGP 150
/ oy
2
'-c‘;%>< 100
hadron Mixed 2 N
€ €q €
/ £, [AGeV]
Effect of mixed phase?
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B Effect on Time Evolution
Collective flow <= EOS

0 (200,145) 0 (200,461)
200 -

0.34 (152,490)

160
0.29 (155,361)
20 0.4(119,227)
0.4 (144,48
80
100 200 300 400 500 600
ug [MeV]
C2 _ E
S
J€ ngls

Collective flow & HBT

*The system may not expand uniformly.

Sound Velocity in EoS with CEP

N O

o
0.3+

: (T, H8)=(155,361)

0.1
0 01 02 03 04 05
(200, 145) (161, 290) (119, 277) (T M)
L/Lfnfnl
N»
O T T T T T T

0.1} ]
T.Hg)=(152, 490) ©
_( ) ( \) nB/S =003 -
1 1 | @ 1 l 1
% 0.2 0.4 0.6
(200, 461) (165, 457) (144, 481) (99, 486) (T, Up)
L/ L total

2008
v L
C A ri

V

ig
a,~ ’I"dia .
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' Slowing out of Equilibrium

T

.+ » Slower (longer)
' expansion

fas
expansion 1 .
. 0.5 along r = const. ling

l EffeCt Of FOCUSIng on sills 28 =nlh  SUsds =000 E 0.05 O.lh

200 __ & correlation length? ,

2 160f (

2 - |

— 120

g0 Focusing Time evolution : Bjorken’s scaling solution along ng/s
‘ o 1,=1fm, T, =200 MeV
100 300 500 700

‘;{m u [MeVi

¢ Berdnikov and Rajagopal’s Schematic Argument

B. Berdnikov and K. Rajagopal,
Phys. Rev. D61 (2000) 105017

Correlation length

longer than &eq
)

Seq [
, :
eq ul
sl E
r, 8
: .

|4
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Correlation Length in Equilibrium

. Eeq

Widom’s scaling low

Ear,M)=fPM ™' Pg

ﬂ] 0.2
)

...............................

Te=154.7 MeV
""""""""" Te=143;7 MeV

THel]

* Max. Eeq depends on ng/s.

* Trajectories pass through the region where
Eeqis large. (focusing)

non-critical component of the EOS

: \.&3903

~ O ----
I
N

R ra
v%\ .'.,\
' al '/ .,

dla
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Evolution of Correlation Length

e § :time evolution (1-d)
%mo (7)= —I‘[ma (‘L’)] m_(T)— b

Eeq (D)
- : _ 1 — - o |
F(m")_Eo (m&o) (1) = A(r) 12+ < (tm] /| g0 —
=730 ModelH (Halperin RMP49(77)435) 3 $ - -

004 —

0.03

001 —

200[

<160 F

(4b)

=120
80
40 L '
0 200 400 600
uiMeVl

* & is larger than Eeqat T;. «— Ciritical slowing down
* Differences among Es on n g/s are small.

* In 3-d, the difference between € ¢qand € becomes
gaxdue to transverse expansion.

D.28
— 0.34, 0.01 wrn 1

—-—-:-:‘."_’."i'_'"ﬁ'."'f .
\_6 . ’ 0.26
: O

0 0.1 0.2 0.3 04 L /Liotal
200 ~170 ~160 ~153 ~120 T [MeV]
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Fluctuation

E Cube of the equilibrium correlation length
3

140 120 100
T [MeV]

Fluctuation &’

* There is the possibility that the fluctuation shows

some enhancement.
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Fluctuations (I)

E Fluctuations
CERES
40,80,158 AGeV Pb+Au
collisions

Mean Pt Fluctuation = |

AP}
(N)
gNj(M;_W

2
o7 =820(0p 4)

2 — 2
Opraw = <AM PT> -

(m7)

2
%)

D

100 300 500 700

CERES:Nucl.Phys.A727(2003)97

Hg (MeV)
500 400 300 200 100 50 25
— C T T T T | T T
X - @ CERES, present data .
T _ 2| % STAR -
o I ]
AT E T Gaw :
1.5 ]

1F
0.5F

oF

-0.5[-
. L -

\Sy (GeV)

No unusually large fluctuation or
non-monotonic behavior

CEP: attractor of isentropic trajectories

Similar correlation length and fluctuation is
observed near CEP.

2] u [MeV1
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Fluctuations (IT)

E NA49
~ 10 — O
St (K™ +K)/(n* + 1) S (p+p)/(n*+ 1)
g 8 * Data g -2 * Data
'§ - } o UrQMD v1.3 '§ I o UrQMD v1.3
g o g - g
£ | i 2
(' } % ! (' 3
® 4 t ® O I
o I o e
g L E b ¢
£ 7 s i
(@) i &) i
| PR [T T TR T SR N ST TN T S N S - PR ST SN TN U AN TN SN TN N AN TR SO TR M N R
055710 15 20 107570 15 20
sqrt(s) sqrt(s)
» Suggestion of QCD critical end point?
* Fluctuation = Conservation
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Kinetic Freeze-out Temperature

Low Tfcomes from
large flow.

Velocity p, (c)

<

Xu and Kaneta, _
Vs (GeV) nucl-ex/0104021(QM2001) Vs (GeV)
BRAHMS nucl-ex/0404011

Temperature T, (GeV)

* Kinetic Freeze-out
mean (elastic) collision rate
expansion rate

EOS with CEP

200

- Expansion rate o 160
* —N cross section RHIC > SPS 2 5
(p+p)(" +77) =
SPS ~0.09 * Collision rate " |Entropy density
RHIC ~ 0.09 SPS ~ RHIC T, 400 00 400

RHIC > sps  "MeV]

T T T T T T
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CEP at RHIC?

+He
| —i— N2

—@— H20
@ rHC
| -4 acp

—X/— Meson gas
O E

0..5 1:0
(KE,)/n, (GeV)

Au+Au Collisions

c,=035+0.05
A, =03£003fm

-

1 0.09+0015

\)

Lacey et al, Phys.Rev.Lett.98:092301,2007
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Where is CEP on T-ug plane?

200

T

« NJL/I, NJL/II
Asakawa & Yazaki
» CO (composite operator)
Barducci et al.
o * NJL/inst (instanton NJL)
NJL/nst RM =~ el Berges & Rajagopal

O

e & . .
LN CIT RM (random matrix)

Halaz et al.
NJL « LSM (linear sigma model)
©o NJL
NJL/ Scavenius et al.
. - CJT(effective potential)
Q(Im 4(lm (,s(lm .s(lm 1n|un 1-_>Inu 14|nu 1600 Hatta & lkeda
LB * HB (hadronic bootstrap)
Stephanov:hep-ph/0402115 Antoniou et al.
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Where is the Critical Point ?

BIG BANG Nuclear Matter Map

Current RHIC
data

Future runs? Science,312,190(2006)
Quark-gluon
plasma Energy Scan:
 Necessity of lower energy
experiments at RHIC
* SPS
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Critical point

Bound Ordinary Color superconductor

qua rks nuclei
Neutron stars

Landmark study. Physicists have seen a smooth transition from bound quarks to
quark-gluon plasma (dotted line). They now hope to find the point beyond which the
transition becomes violent (white line).
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