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FLOW

O Is fluid dynamics applicable in relativistic nuclear physics?
O Collective Nuclear Flow: Greiner — Koonin [1973 Balaton]
1 Transverse Flow Exp. Proof : [1984 Plastic Ball LBL)]

e By now: Mc increases — close to macro continuous matter

e Local equilibrium 1 EoS / Phase Transition / QGP

(during the middle part of the reaction, / Initial and final stages are out of equilibrium)

e Many are observed in nuclear collisions

L.P. Csernai, Budapest 2008



E'rLap P’ |7 Ay v Place
[AGeV] [GeV] [GeV/¢] - [c] -
0.1 1.03 0.445 0.458 0.428 MSU-KR00
0.5 1.44 1.09 099 0.758 LBL-BEVALAC
1.0 1.94 1.69 1.35 0.875 LBL-BEVALAC
2.0 294 2.78 1.81 0.947 LBL-BEVALAC
4.1 H.04 495 2,306 0.982 DUBNA
10 - - 3.06 - BNL-AGS
14 - - 3.4 - BNL-AGS
60 - - 4.9 - CERN-SPS
200 - - 6.0 - CERN-SPS
1800 (30+30) - - 82 - BNL-RHIC*
(100+100) i - 107 - BNL-RHIC*
(900+900) - - 151 - | (pp) FNAL-Tevatron®
(3500-+3500) - - 178 - CERN-LHC"
(8TeV+8TeV) - - 195 - | (pp) CERN-LHC"
(20TeV +20TeV) - - 212 - (pp) SSC*

*planned

Table 2.1: Typical rapidities and beam energies of some proton or heavy ion accelerators.
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Sto p pi n g | ‘ h | | R. Stock [CERN (2000)]

P+A: [Csernai, Kapusta, PRD31(1985)2795]:y=2.5

oA Hadron Production
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Stopping at
RHIC

Au-Au collisions at\|s,, = 130 GeV
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Stopping - RHIC

Shapes of dN,/dn for different N _
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Local equilibrium = Juttner distr. (MB)

T

fJ'u.ttne'r‘( _ 1 exp (IJ’ o p”’ﬂ;p)

P)= e

(P"uu)zr) = P’ = Ep)

Stationary solution of the BTE , and generalization of the MB distribution

Lorentz
Transformation

Properties:

F
."*... 7 =0.
= ”"’ﬂ‘ 50 70 o P 1OVl
F
.o'-"' 7 = 0.5
et ﬁ xS

F

v = 0.9
P [GeV/<]

Figure 2.10 Longtiudinal momenium distributions Loreniz-boosied
with velocily, v|. The boosted distribution is not symmelric! This
ts due to the fact that the width of the original distribution ia not
negligible compared to the boost.
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Kinetic definition of density, energy, momentum

- ;-

N# (3) =. (N(iﬂ'), _;( )) These definitions are applicable
d3 f(_)r any, equilibrium or non-eq.
situation!
NH@)= [ 5 #* f(a:p

T%z) = [d’p p° f(z,p)

T% = ;1d p° v* f(z,p) : energy flow,

T = ;d% p* f(x,p) : momentum density
* = [&p p'v* f(=,p)

T(z) = ;%2  p'p*  f(z,p)
tensor scalar tensor scalar
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Normalization of Juttner distribution

From: d3
n = Nty, = upjp—p“f(m D)
— 4m e#/TTS d J 2 ) 2 -7
n = (27h)3 fm/T T T,|7T° — (T) €
eh/T

2 m
(27rh)347rm T Kg(T)

Similar expressions occur when we evaluate the EoS,
energy density, e, pressure, P, and entropy density, s.

L.P. Csernai, Budapest 2008 11
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Local equilibrium - Flow - LR frame
1

lightcone
N#
b= Eck
u- = . ckart
(NHNH)1/2 ( )
ufu, = +1 #
74 X
u* = Const. x T"u, ’
( Landau )
Def: Orthogonal proj. to flow Figure 2.8 Flow velocity
ubuY
AH* = gt _
(uruy) - :
_ These definitions are applicable for
Then: any, equilibrium or non-equilibrium
A#l’u# = () situation!

L.P. Csernai, Budapest 2008
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Local equilibrium

Large no. of degrees of freedom
Strong Stopping
Local equilibration -

Equation of State (EoS) characterizes the
equilibrium properties of matter

Dynamics is well approximated by fluid
dynamics (perfect, viscous, ...)

Model predictions become similar
Multi Module Modeling

L.P. Csernai, Budapest 2008 14



EoS from the local eq. phase space distribution

n = Niu,
e = u, T"u, P o= —PAM 4TI,
hydrostatic V1SCOUS
BV — ABTOT AV
P - AO'T A‘T pressure sitress
tensor tensor
(e 0 0 0)
0P 0 0 Ty — v (0) + Tev (1)
i (0) : . :
(LR) = 00 P 0 reversible, zrf:."evfersz.ble
p part (dissipative) part
0 0 0 P

1% 0) = b’ - PAM = (e + P’ - Py

Eg.: From Jittner = Ideal gas EoS & 2" law of thermodyn. (1)

L.P. Csernai, Budapest 2008
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LBL, AGS, SPS:
Collective flow —
P-X vsS.y
Pressure sensitive

Directed transverse
flow decreases with
Increasing energy.

[D. Rischke, 95]
[E. Shuryak, 95]
[Holme, et al., 89]

But, does it recover
at higher energies ?

Pressure — Soft Point?

Equation of state”

Resonance Gas: ¢, 2 = 0.2
0,2 £ < .25 GeV /fm®

QGPHRG: e ? = 4 0.088/c, mixed phase
1/3 —4B/3¢, €> 1.453GeV/fm”

B = .32 GeV /fm? Te = 0.16GeV

Od —

03~

ol \"(’TiJ

| : . - . : N
oo 10 2.0 2.0 4.0

& cnergy density [GeVEm™*{m*bm}]

* .M. Hung and E.V, Shuryak, Phys. Hev. Leil.
75 (1995), 4008,
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18.0 —
= Improved

14.0 ;
180 ot il staggered fermions:
16.0
B.O | 1small eut-off
8.0} | dependence

Sat iupyy  s—
4.0 | 2 NG — -
2.0 v,
2.0

10 15 20 25 80 88 40
eritieal energy density: [€¢ = (6 &£ 2 Té
even massless pions would contribute only £0% to this!

detailed analysis of volume amd guark mass depandsucs still needad!

[F. Karsch, PASI 2002]
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Realativistic fluid dynamics

Boltzmann transport equation — phase-space distribution

Phfrp = L Cri(z, pi)

Conservation laws:

N
T#,= LT =0.  N*y= ;?1 Nty =0.

Conservation laws are valid for any distribution f(x,p), however these are not
sufficient to determine f(x,p) !

Boltzmann H-theorem: (i) for any f(x,p) the entropy is increasing,
(i1) 3 stationary solution, where the entropy is maximal
= local equilibrium and 3 Eo0S

+ P=P(e,n) |Solvable forlocal equilibrium! (0. CE)

T o K. Solvable for near local equilibrium too! (1. CE)
L.P. Csernai, Budapest 2008 18




Relativistic fluid dynamics,
more detailed:

N=ny=n,
the continuity equation takes the familiar form

(6; + vgrad)N = —N divv.

RFD must be used not only
for large velocities but for

- : large energies and
M =T = wy'y, temperatures also!

£ =T = (e + Pi*)y, <
the energy and momentum conservation will take the form

(0 + T grad)M = —M(divi) — grad P,
(8; + Vgrad)f = —Edive — div(P7).

Similarly introducing

L.P. Csernai, Budapest 2008 19



Dominant radiation 2> RHD/RMHD

ITER

L.P. Csernai, Budapest 2008 20



Multi Module Modeling

Initial state - pre-equilibrium: Parton

Cascade; Coherent Yang-Mills

Local Equilibrium - Hydro, EoS

Final Freeze-out: Kinetic models,
measurables

If QGP - Sudden and simultaneous
hadronization and freeze out (indicated
by HBT, Strangeness, Entropy puzzle)

Landau (1953), Milekhin (1958), Cooper & Frye (1974)

L.P. Csernai, Budapest 2008 21



Initial State

« At low energies stopping in SHOCK or
DETONATION waves (supersonic!) of
width of 1-3fm (possible in Pb+PDb)
[BEVALAC, GSI, AGS]

 |dealized: as discontinuity across a hyper-
surface (or layer) in space time.

« Simple solutions of Rel. Fluid dynamics

* Generalized to other stationary processes:
freeze-out, initial equilibration, phase
trans.

L.P. Csernai, Budapest 2008 22



Matching Conditions — for S-T hypersurfaces !
= Conservation laws

* Nondecreasing entropy

Matching conditions

T do,] =0
(N¥do,| =0
[S*do,] = 0

Can be solved easily. Yields, via the “Taub adiabat”
and “Rayleigh line”, the final state behind the hyper-
surface. (See at freeze out.)

L.P. Csernai, Budapest 2008 23



Fusion core - confining hypersurface

Goal:

« fusion is confined into a stable stationary
central domain, with a well defined surface
(hyper-surface).

» this ring should be stable, and should
remain in place

» this ring should be diagnosed and
controlled

 a simple general model description is
desirable.

L.P. Csernai, Budapest 2008 24
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,Fire streak” picture — 3 dim.

Ecfore collislon

Myers, Gosset, Kapusta, Westfall

The "firestreak” Inltal state

M1

L.P. Csernai, Budapest 2008 26



String rope --- Flux tube --- Coherent YM field

tﬂ = ﬂ it |£l|'2

L.P. Csernai, Budapest 2008 27



Initial stage: Coherent Yang-Mills model

[Magas, Csernai, Strottman, Pys. Rev. C ‘2001]
M. Gyulassy, L. Csernai Nucl. Phys. A660 (1986) 723-754.

0,T" = F""n, + X7
ot =0

o T = e (1 + cg) uiwi — cog™)
e 2.¥ — pion source term.

e F'* — effective field, describes interaction between target

and projectile.
0 —0o
pv __
F = (or 0 ) ’

L.P. Csernai, Budapest 2008 28



Yo — Yo Dynamics

L.P. Csernai, Budapest 2008 29
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Before collision

Initial
state

Tittest initial Larelan's disk

' t=2.5 fm

15
10

'1=3.5 fm

10

AutAu, £,=100 GeV/nucl, b=0.5(r, +r,), A=0.08
15

t=4fm

0O 20 40 60O B8O

E, GeVim®

34 flow component

L.P. Csernai, Budapest 2008

31



Initial state — reaching equilibrium

Initial state by V. Magas, L.P. Csernai and D. Strottman
Phys. Rev. C64 (01) 014901

M1

L.P. Csernai, Budapest 2008 32



Flow is a

Why should we measure v_1 ???

Impact
par.
Equilibration
Transparency — time
string tension
Consequence:
vi(Y), Va(y), ..
M2

L.P. Csernai, Budapest 2008 33



Multi Module Modeling

+ Local Equilibrium - Hydro, EoS <

Landau (1953), Milekhin (1958), Cooper & Frye (1974)

L.P. Csernai, Budapest 2008 34



3-Dim Hydro for RHIC (PIC)
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initial positions

40H
36

32

24

16

100 cycles
28}
20}

121

PN N T Y N T N TN |

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

“Marker particles” =
Lagrangian fluid cells. Large
number of these.

Randomly placed to avoid
“ringing instabilities” and
other grid related instabilities!

Runs very stable up to very
high energies, much beyond
the principle applicability of
CFD approach.
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1.2 —

Central Plane
Initial marker particles

—
4 N\

1.0

0.4
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o
o
|

0.4

-0.6 -
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Figure: In the PIC method Lagrangian fluid elements, called Markers, move in a decartian coordinate grid. At
very high energies, to avoid instabilities arising from the computational grid, marker particles are randomized in
our approach. The figure shows Marker particle positions in the central plane of an explosion (z is the beam
direction), assuming an initial Landau state [15] with an energy density of 40 GeV/fm3. A total of 1.5 million
marker particles are used to describe the three-dimensional nucleus [unpublished].
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Maximum Compression

65 GeV/A b=0
ktnc=16

maximum compression [n_]
(¥,
|
|

—— dzmod=0.1, dt=0.5
41— —— dzmod=0.2 -
—— dzmod=0.3
dzmod=0.4
3+ —— dzmod=0.5 =

0 2 4 6 8 10 12 14 16 18 20

Figure: Test of maximum baryon number density in the explosive final stage of expanding Quark-gluon Plasma
after an ultra-relativistic heavy ion reaction, where the initial collision energy was 65 times the rest mass of the
colliding nuclei. The result weakly depends on the ratio of the grid size in the direction of the collision and the
length of the time-step which is 0.5 fm/c. Implementation of implicit methods and Newton-Krylov solvers for the
relativistic hydrodynamics will significantly decrease the fluctuations and increase the accuracy. (Unpublished.)
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o i
i
14 - .
Energy Density
Landau initial state
12~ GeV/fm® 7
b=0
10+ -
g 8f -
E
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4 _
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Figure: Time evolution of the energy density in the central plane assuming an initial Landau state [15], which can be
formed in a central (b=0) collision of two nuclei. The expansion is dominantly in the beam-, z-direction. The dynamics
were described by a relativistic three-dimensional hydrodynamic model [unpublished].
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AU + AU 65 A GeV runs

dx dy dz dt T cyc Tfin
[fm] [fm] [fm] [fm/c] [fm/c] [fm]
425kB b=0.0 _tncl6é .86 .86 .172  .038043 9.5107 250 4
1,029kB b=0.0 _tnc24 .575 .575 .115 .0266 4.154 156 4
387kB b=0.1 _tncl6é .86 .86 .172  .038043 9.5107 250 4
935kB b=0.1 _tnc24 .575 .575 .115 .026630 4.287 161 4
322kB b=0.25_tncl6 1.032 1.032 .2064 .038043 9.5107 250 4
780kB b=0.25_tnc24 .69 .69 .138 .266 4.900 184 4
142kB b=0.5 _tncl2 1.832 1.832 .3664 .038043 9.5107 250 5
55kB b=0.7 _tncl0 2.200 2.200 .440 .038043 9.5107 250 5
55kB b=0.7 tnclO_tf6 2.200 2.200 .440 .038043 9.5107 250 6

num-n = dx do T n3 / dn?2 /c = dx * 50 * 200 * 1 =
ifdx =0.1 -1 fm =

n = 100 - 1000 Mev / (fm c)

[in peripheral collisions up to 2000 Mev / (fm2c) ]
see L.P.Cs. eg. (9.21)

M2

Theoretical [D. Molnar, U. Heinz, et al., ]
n =50 - 500 MeV/fm2c Re ~ 10 -100

L.P. Csernai, Budapest 2008 40



The numerical viscosties are in the range of the

estimated physical viscosity [Csernai-EtAl- JPhys G31 (2005) 951-57]
(except in peripehral reactions where it is larger, due to the
considerably larger cell size, but here the applicability of hydro

is not the best anyway).

The larger than realistic viscosities in the transverse direction
dissipate more transverse flow to heat, so we get higher T and
higher thermal smearing. As our T and thermal distributions
are scalar/isotropic our thermal smearing will be slightly
over-estimated.

M2

L.P. Csernai, Budapest 2008 41



-3
-2

y [fm]

APON—-0O =

-4 -2 0 2 4
z [fm]

Au+Au at 60+60 A GEV, b= 0.5 (R _p + R_t) at t=0 (initial state for the hydro calculation).

Plotted: E, energy density, [GeV/fm?], in the calculational (CM) frame. Contour lines are at
50, 100, 150 $[GeV/fmA*3]$, and E_{max} = 190.0 GeV/fm3.
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4 2 0 2 4
z [fm]

Au+Au at 60+60 A GEV, b= 0.5 (R_p + R_t) at t= 0.571 fml/c.

Plotted: E, energy density, [GeV/fm?3], in the calculational (CM) frame. M2
Contour lines are at 2, 10, 25, 50 [GeV/fm3] and E_{max} = 61.2 GeV/fm3 .
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-10

0.25
0.2
-9 0.15
= 0.1
E 0 0.05
> 0
5
10

z [fm]

Au+Au at 60+60 A GEV, b=0.5 (R_p + R t)at t= 1.141 fm/c, 30 cycles.

Plotted: E, energy density, [GeV/fm?3], in the calculational (CM) frame. Contour lines
are at 2, 10, 25, 50 [GeV/fm3] and E_{max} = 24.91 GeV/fm3.
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6 4 2 0 2 4 6
z [fm]

Au+Au at 60+60 A GEV, b= 0.5 (R_p + R_t) at t= 1.902 fm/c, 50 cycles.

Plotted: E, energy density, [GeV/fm?3], in the calculational (CM) frame. Contour
lines are at 5, 2.5, 5, 8[GeV/fm3] and E_{max} =9.19 GeV/fm?3 .
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6]

y [fm]

-10 5 0 5 10
z [fm]

Au+Au at 60+60 A GEV, b=05(R_p+R t)at t= 3.804 fm/c, 100 cycles.

Plotted: E, energy density, [GeV/fm?3], in the calculational (CM) frame. Contour lines are at
0.25,1.5, 2, 3[GeV/fim3] and E_{max} = 3.17 Ge/fm3V .
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3 2 4 g 1 2 8
z [fm]

Au+Au at 60+60 A GEV, b=0.25 (R p + R_t)at t=0 (initial state for the hydro calculation).

Plotted: n, baryon charge density, [1/fm3], in the rest frame of the cell. Contour lines

are at 0.2, 1.25, 2.5, 3.75, 5, 6.25, 7.5 times n_0, and N_{max} =8.103 n_0, where M2
n_0=0.145 1/fm3.
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4 32101 2 3 4
Z [fm]

Au+Au at 60+60 A GEV, b=0.25 (R p+R t)at t=1.33 fm/c (50 cycles).

Plotted: n, baryon charge density, [1/fm3], in the rest frame of the cell. Contour
lines are at 0.2, 1.0, 2.5, 5 times n_0,and N _{max} =6.541 n_0
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6 4 2 0 2 4 6
z [fm]

Au+Au at 60+60 A GEV, b=0.25 (R_p + R t)att = 2.66 fm/c (100 cycles).

Plotted: n, baryon charge density, [1/fm3], in the rest frame of the cell. Contour
lines are at 0.4, 2.0,6.0,times n_0, and N_{max} =7.217n_0.
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o101 01 O1 O

6 -4 2 0 2 4 6
z [fm]

Au+Au at 60+60 A GEV, b=0.25 (R p+R t)at t=4.79 fm/c (180 cycles).

Plotted: n, baryon charge density, [1/fm3], in the rest frame of the cell. Contour
lines are at 0.375, 3.75 times n_0,and N_{max} =4.095n 0.
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Au + Au

65 + 65
A.GeV Tine: 1 fn/c
b=25%
) 148
Time =
cycles 1
0.266 fm/c 188
80
= 60
nergy
dens. 4
[GeV/fm3] 20
Max = 8
140GeV/fm3

Yun Cheng, M. Zétényi
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Multi Module Modeling

Initial state - pre-equilibrium: Parton
Cascade; Coherent Yang-Mills [Magas]

Local Equilibrium - Hydro, EoS
Final Freeze-out: Kinetic models,

measurables

If QGP - Sudden and simultaneous
hadronization and freeze out (indicated
by HBT, Strangeness, Entropy puzzle)

L.P. Csernai, Budapest 2008 52



3-dim Hydro for RHIC Energies

AutAu E =65 GeV/nucl. b=0.1b_._ A _=0.08 => 6~10 GeV/fm

X

n/n, [1] e[ GeV /fm?3]

T=7.6 fm/c n,, =522 e , =37.16GeV/fm’ L _=145fm L,=0.145fm

L.P. Csernai, Budapest 2008 53



Directed
Global Flow Transverse

‘U1

3vd flow
component

Squeeze out

Elliptic flow

U2
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Multi Module Modeling

Initial state - pre-equilibrium: Parton
Cascade; Coherent Yang-Mills [Magas]

Local Equilibrium - Hydro, EoS

Final Freeze-out: Kinetic models,
measurables

If QGP - Sudden and simultaneous

hadronization and freeze out <
(n-q scaling )
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Properties of the medium & hadronization mechanisms

via identified particle measurements
d°N 1 d®N (

V2 . dp 27 p.dp,dy

Scaling for V,

0.05

vo/n

« Quark content determines vz

From g-recombination models:
V2q = V2p(P/n)/n

e®

Data/Fit

mf:,;.:\(, e 0 P
‘0 0.-2 ¢
e - "p o o
o0 o \_Q,’n o
e o0 © o

P

1+ i 2V, cos(nAgo)j
n=1

¢
- F 3
A erar app
.%“ o) Kg A A+A
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NCQ -

scaling

analogous

to

N-nucleon

scaling!

M5=0 05 0,05 0 05 Wy,105 0 05 10

Figure 7.5 Contour plots of invariant triple differential invariant cross sections (1/p)’>N/AE
d¢¢ d cosO for the reaction N%(DSQE! MeV/nucleon) + U at the impact parameter & = 6 fm in
the reaction plane (¢ = 0%/180") and in the plane orthogenal to it (¢ = 90%). The contour
lines labeled by the parameter g comespond to a value of 107 /(sr MeV?). Parts (a), (b),
(c), (d), (e), and (f) correspond to p, n, 4, t, *He and *He cross sections respectively. The
bounce-off effect is predominantly observable in t, *He and ‘He spectra. Reproduced with
permission from [16]

L.P. Csernai, Budapest 2008 60



Kinetic Energy Scaling

Pressure gradients converting work
Into Kinetic energy

KE; =m(y; - =m; - m

What is the scaling variable?

PHENIX, nucl-ex/0608033

« All particles originate from . o o (PHEND ' pe (PHENIK
common flow before M K3 (STAR) 0 =+ (STAR) :
hadronization 1 -

o ﬁ Cg : T ﬁ‘g- .
. Scaling is observed over ~ 0.05; L & -

extended range of KE;

o b b b b LT v b b b g
0 0.5 1 1.5 2 0 0.5 1 1.5 2
p;/n, (GeVic) KE./n, (GeV)
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Data/Fit

pr vs. KE; Scaling

KE-/n seems to work better than p/n with the
constituent quark scaling

15 sk i
o 5
LL o
0 I CRNERLT roien, L el ) e ....qll..l..... +........ O
1.{..‘ ........ 2 S ‘i‘ ......... 4}*‘ ....... ... o e MR @M'} $ i r 2
4]
L o A& pD+P D i
0.5 o 05 ® *+1 (PHENIX) <> p+p (PHENIX)
* Ks A A+A - - B K'+K (PHENIX) O A+A (STAR)
o K a4 meE [ (KIETAR) | 0T STAR) |
1 1.5 1 1.5
pT/n (GeVlc) KE,In (GeV)

« How is this observation accommodated the recombination
approach? > Local energy conservation including flow. =>

. J. Jial and C. Zhang, hep-ph/0608187
A2

- j‘l_[:.i'3 .:'IJ']_F;IIIJ:':[ s e Warlp,p,pe. .10

IZJ!:"

Wi = @l —zo. pr—p2 )0{my —mr 1 —mr a—m+my+ma)
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Rapid and simultaneous FO and
“hadronization”

* Improved Cooper-Frye FO:
- Conservation Laws: [TA, =0} [N°A, =0]
- Post FO distribution: O(p’A,) f(p) >0

« Hadronization ~ CQ-s
- Pre FO: Current J and @, QGP
- Post FO: Constituent J and g
- N,and N, are conserved in FO!!!
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Observed n, — scaling ->

Flow develops in quark phase,
there is no further flow
development after hadronization

R. A. Lacey (2006), nucl-ex/0608046.

0.5 ¢

~
e
Lin T L3 L
i

0.0 0.5 1.0 1.5 2.0
(KE)/n, (GeV)
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Transverse momentum distribution of v1, vZ2, n

q

b=70%
Time: 0.04 fm/c 65 AGeV Au+Au, b=0.7 IRI + R:_I

Ng scaling

Il

Freeze Out:
High pT
ptcles from
outside
regions FO
and
hadronize
first!

Bjorn Bauchle
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Rapidity distribution of v,, v,, nq

o = 709 Time: 0.04 fm/c
- (0}

63 AGeV AutAu, b=0.7 (R, + R,)

Ng scaling

Pr = pT/nq

[lovw

Bjorn Bauchle 3 1 G 3
3 BE
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T.=139 MeV

FO hypersurface

Hydrodynamics by : [B. Schlei,
Dan Strottman !;f ok LANL 2005]

Yladimir Magas

Hypersurfaces by
Bernd Schlei

Movie by
Bernd Schlei

Copyright 200
All Rights Reserved,

Freeze out:
V.K. Magas,
E. Molnar.

M3
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"
Improved calculation of FO hypersurface .ﬁ_’

Zi

Hudrodynamics by

Hyper-
Ber

|::|:|F'!:|I" i ';|I
A1l Rigl
Au + Ay

dinuely

160 HeW

Frame 01 4
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Flow patterns

Strong, correlated and dominant “Elliptic”, V,,
flow observed (CERN/BNL).

The flow is laminar (n is sufficiently large), & not
dissipated (n is sufficiently small) !"?

V,, ,directed flow”™ measurements are not as
detailed yet as V,.

The strong and dominant flow measurements
raised large, attention!
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) 7 reek endi
PRL 97, 152303 (2006) PHYSICAL REVIEW LETTERS 13 OCTOBER 2006

Strongly Interacting Low-Viscosity Matter Created in Relativistic Nuclear Collisions

Laszlo P. Csernai,'” Joseph I. Knpusta,g and Larry D. McLerran®

LSection Jor Theoretical Physics, Department of Physics, University of Bergen, Allegaten 55, 5007 Bergen, Norway
>MTA-KFKI, Research Institute of Particle and Nuclear Physics, 1525 Budapest {14, P. O. Box 49, Hungary
3School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA
*Nuclear Theory Group and Riken Brookhaven Center, Brookhaven National Laboratory, Bldg. 510A, Upton, New York 11973, USA
(Received 12 April 2006: published 12 October 2006)

Viscosity vs. T has a minimum at the 15! order phase transition.
This might signal the phase transition if viscosity is measured.
At lower energies this was done.

L.P. Csernai, Budapest 2008 70



Stability, Reynolds number
Re = llul/u

UV = n/p - kinematic viscosity

P - density In an ideal fluid any small perturbation increases
and leads to turbulent flow. For stability

T} - viscosity sufficient!y_large viscosity and/or heat
conductivity are needed!
Zl - length Re < 1000 - 2000
U loci (Calculations are also stabilized by numerical
1 - velocity viscosity!)

Measured [Lijuan Ruan / STAR] scaling [A, E] of dimensionless v2 fluctuations , can be
compared to constant Re contours. If the two are similar viscous effects are dominant in

these fluctuations, and viscosity (or Re) can be extracted.

(If not, Initial State (1S) fluctuations and FD fluctuations should be separated: complex theroretical task.)

L.P. Csernai, Budapest 2008
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Re — studies In HICs

Theoretical [D. Molnar, U. Heinz, et al., ]
n =50 -500 MeV/fm?c Re ~ 10 — 100

Exp.: 50 — 800 Mev/nucleon energies 80’s
[Bonasera, Schurmann, Csernai]

scaling analysis of flow parameters. Re ~ 7 — 8!
(more dilute, more viscous matter)

Inbothcases nis~ 1 (0.5-595),
This is a value large enough to keep the
flow laminar in Heavy lon Collisions !!!
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OUTLOOK neXxt:

- Flow measurements as diagnostic tools -
still can provide a lot of information.

- 3 dim. CFD calculations, are important but
complex task: EoS, initial- and final states.

- Viscous Fluid dynamics: Important and can
help to locate the phase transition threshold.
Numerical viscosity 1s important.

- More about fusion plasma is coming !

L.P. Csernai, Budapest 2008
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End of Part la
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