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The fluid dynamical model is increasingly good Jescription with higher collision energies. The role of
Equation of State is studied and there is strong indication that the flow essentially develops in the QGP
phase via the observed Constituent Quark Number scaling of the flow. Due to the strong flow even
transport processes in QGP can be studied quantitatively. Fluid dynamics influences many other
observables, and we see the formation of classical nuclear shock Mach cones, around quenched high
energy jets. !r
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Clusterization in
QGP due to
dynamical
streching of the
plasma
[Mishustin, CPOD
2007]

Dynamical
viscous pressure
~ bulk stress >
p<0 -> cavitation
~ bubble / droplet
formation
[Rajogapal,
Tripuraneni 2009]

Interaction measure, (e-3p)/T4 , from the MIT Bag model and from Lattice QCD [MILC].
The bag model is acceptable above T=200MeV. The bag model behaviour around Tc with
a fix B leads to negative pressure. |
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_Initial state — reaching equilibrium

B
2 Initial state
E V. Magas, L.P. Csernai and D. Strottman
A : Phys. Rev. C64 (2001) 014901
Nucl. Phys. A 712 (2002) 167—204
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k. | This shape is confirmed
L by STAR HBT: PLB496
(2000) 1; & M.Lisa &al.

4 PLB 489:I (2000) 287. 3rd flow component
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Flow Is a diagnostic tool

Why should we measurev_1 ?7?? I

e l—vx
Equilibration

Transparency — time, Tf
string tension, A
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initial positions
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PIC method

Particle in Cell method.
Better resolution than the
cell-size would allow!

“Marker particles” =
Lagrangian fluid cells. Large
number of these.
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o Randomly placed to avoid

5 20 25 3% 90 “ringing inStabilitieS”'and
— ————— other grid related instabilities!
36 k=middle ]

~ 200 cycl

Runs very stable up to very

high energies, much beyond

the principle applicability of ~ M2
CFD approach.
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Aut+Au at
65+65 A GEV,
b=0.1 (R p+R_ 1)

Plotted: positions of
the lagrangian fluid
cells, marker particles
of the PIC method.

Cell resolution
thc = 24

The initial structure is
maintained in the

expansion due to low
(numerical) viscosity.
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| MTEcS

lb=0.7 t=32
20 ' —

Au+Au 65+65 A GeV,
b= 70 % of b_max

Lagrangian fluid cells,
moving, ~ 5 mill.

MIT Bag m. EoS

. FO at T ~ 200 MeV,

_ e but calculated much
" et B longer, until pressure
is zero for 90% of the
10~ 1 cells.
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o
]

30 Structure and

20 asymmetries of init.
20k 14 state are maintained
in nearly perfect
expansion.

Color indicates energy density in GeV/ fm~ 0

-20 -10 0 10 20 Spatially tilted at FO,
z [fm] 3rd Flow component!
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Volume [fm#3]
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Percentage of the cells with vanishing pressure (P=0) versus time in Au+Au collisions at

65+65 AGeV, for impact parameters, b = 0, 0.1, 0.2, ... 0.7 b_max. The most peripheral

collision at the top (b=0.7) and the most cegptral one (b=0.00) are indicated in red with a
trend line.
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Average invariant expansion rate
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Average invariant expansion rate versus time in Au+Au collisions at 65+65 AGeV, for
impact parameters, b =0, 0.1, 0.2, ... 0.7 b_max. The most peripheral collision at the
top (b=0.7) and the most central one (b=0.00) are indicated in red with a trend line.
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Dlrected Flow v,

¥ Au+Au 9.2 GeV v {EP1,EP2} ' ¥ Au+Au 9.2 GeV v {EP1,EP2}
0.4 | % Au+Au 9.2 GeV v {FTPC,EP1) . 0.4 | ¥ Au+Au 9.2 GeV v {FTPC,EP1} .
" | 3 AutAu 9.2 GeV v {BBC EP1) " 3 AutAu 9.2 GeV v {BBC EP1}
O Au+Au 62.4 GeV 1 O Au+Au 62.4 GeV
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« At mid-rapidity, all the results have comparable values. At forward
rapidity, the trend of v, from low energy is different from high
energies. This is due to early longitudinal collision dynamics.

* V,values lie on a common trend. STAR : PRL 92 (2004) 062301

|I PRL101 (2008) 252301
'| NA49: PRC68(2003)034903
2 I
Jiayun Chen for STAR -CPOD2009 LP.Csemai 19



Jet Lﬂgnching — Mach Shock C
!
[ B. Betz, U. Frankfurt ]
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Freeze Out

Pre FO:
V_1and V_2versusy from PIC
hydro ,

after smoothing in an FO layer
considering Modified BTE with

parameters, m & T.

For different impact
parameters, b = 10% (70%) of
b max=R p+R_t
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08k

0D6F

04r

02r

-0.2F

-04r

-0.6

0.8t

L L L L
=3 -2 -1 0 1 z 3

L.P. Csernai

18



1 Lin by "mbiiz

J y LN o e s i e e LI E i T | -
A i v, — (m= 140, 280, 420 MeV) L1 il
:I ] 4 LT L T T T I ¥ T d g T T T ¥ 4 I ! ' " ! I 'Lll:'ll
¥ - ~ 0.08F 4
0.25 1B
| -
~ oaof : 006F ||/ T
. == 1 06 Te~T o
. r
= “I.I:'l' 015 ] 'iI:| ]
' i L . 0.04f
L N 1 : ]
i : -ld 0.02 -
A \

| 17 0_00 -

4 6 8 10

i GeV/c]
T
vﬁfﬂﬂ - (m, K, K, P, A D)

Vz/hg — (m = ng=x 100 MeV)

0.7

0.20
0.6 f

05 0.15

0.4
0.10
0.3

——

0.2 0.05

0.1

0.00

0.0

0 2 4 6 8
(m-m)/n, [GeV]

0.4 0.6
(me-m)/ny [GeV]

L.P. Csernai 19



Non local
molecular
chaos

low fregzes out : m, u

Quarkyonic matter (CQs) g-s, Small equal quayk mass, week background field [Levydi, Ko]

FO1Layer, 1-2 fm

QGP -g-s and G-s
Modified BTE

In the FO layer the main free path increases, local molecular chaos assumption
does not hold, (large effective viscosity)

Current quarks are gaining mass, while gluons are absorbed, forming
constituent quarks (CQs) with mass, m, . Final flow develops with joint flow

velocity, u, for all CQs.

These then gain mass and recombine to hadrons, but the u distribution per
NCQ does not change.
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2nd step: P/ Ny 2 KE;/ng= m, (\/(1+u2)-1)/nq
2 u<<1: myus?/2
=2 u>>1: m,u;

Thus, NCQ scaling of flow indicates dependence (equilibration) of transverse
energy: flow velocity u and constituent quark mass, m, , at the FO of flow.
Then final hadrons develop, their masses change but flow angular distribution
of u and NCQ remains the same.

In CONCLUSION the FO and hadronization is a gradual process, where (i)
first constituent quarks from and gain nearly equal masses, (ii) and flow
asymmetry freezes out, (iii) finally constituent quarks locally recombine into
hadrons, by equating the transverse energy, but not changing the flow pattern
or NCQ.

PROOF: If all flow patterns, follow the same principle as v,(p,) :
V,(Y), v1(y), Mach cone vs. p;

L.P. Csernai
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SUMMARY

* Initial state is decisive and can be tested by v1 & v2

. v1: semi-central collisions, position dependson b, o, Tf , NCQ ??
. v2 : more peripheral collisions, NCQ scaling Quarkyonic m. !
. Mach cone around jets — tests hydro properties , NCQ ??

 Viscosity is important both in hydro and in the initial dynamics: T € -2 u
. Numerical viscosity should be taken in correction

* F.0. : entropy condition

« > space like FO is weak at RHIC / LHC - important at FAIR

» - bulk viscosity causes negative pressure in expansion = rapid FO & H

L.P. Csernai
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Viscosity — Momentum transfer

[ Enskog, 1921 ]
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