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ALICE measures the shape of head-on lead-lead collisions
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Flow originating from initial state fluctuations is significant and dominant in
central and semi-central collisions (where from global symmetry no azimuthal
asymmetry could occur) !
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Figure 32: The CMB radiation temperature fluctuations from the 5-year WMAP data seen over the full
sky. The average temperature is 2.725K, and the colors represents small temperature fluctuations. Red
regions are warmer, and blue colder by about 0.0002 K.
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Phase transition in finite systems and critical fluctuations
Ginsburg-Landau theory:
1st applied to nuclear physics for nuclear liquid gas phase transitions by

[ A.L. Goodman, J.I. Kapusta, A.Z. Mekjian, Phys. Rev. C 30 (1984) 851. ]
[ L.P. Csernai, J. Kapusta, Phys. Rep. 131 (1986) 223.]

. . . 4.1. INTERMEDIATE ENERGY EOS 105
assuming the usual 4t order polinomial
o, . 12
form for the critical state: T T
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ning
Then for QGP with a Laurent series
. Figure 4.3: The relative probability for the system to be at density n compared to
d ue to t h e Ia rge ene rgy d |ffe rence the thermodynamically favored values ny, or ng. The number of nucleons is N = 100,
The pressure is the equilibrium pressure. Reproduced by permission of Elsevier Science
betwee n th e tWO p h a Ses Publishing from [29].

[ L.P. Csernai, Z. Neda, Phys. Lett. B 337, 25 (1994).]
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Fig. 2. The relative probability of finding a state of a given energy
density, e, in a system of given volume, Q = 10,50 fm3, at a
constant temperature, T = T,.
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Fluctuations in Hadronizing QGP

L.P. Csernail?, G. Mocanu® and 7Z. Néda3 Skewness

PHYSICAL REVIEW C 85, 068201 (2012)

Higher order moments can

be obtained from fluctuations S
around the critical point. 2
Skewness and Kurtosis are -1 A o
calculated for the QGP - HM 9 oo’

phase transition 3 *
) 170 169 166

°5° Positie Skewness 0 0.2 0.4 0.6 0.8 1

QGP ry T[MeV] HM
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represents complete hadronization). The temperature scale is
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Kurtosis

PHYSICAL REVIEW C 85, 068201 (2012)
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Not easy to observe it in a heavy ion reaction
with all possible kinds of fluctuations!
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Fluctuations and quark densities

AICIeaR

for
Helmholtz International Center
B |
Nonequilibrium fluctuations, sigma field 6 fm/c 12 1mlc
10 4
3 T . — . :.5
Gof firet-order — . 5 ; : 25
= 40 CIOSSOVEL ssees ) = E Crossover % ° ?'5 .
2 20k 5 1
= 0 05
—— -10 0
Lo -2 0 -5 0 5 10
— {!n- X [fm)
- ” -
N T 6§ W0 10 4 10 4
t (fm) 5 ;'5 5 ;'5
s ! 25 4 - 25 4
. . - . - .
Angular distribution, 12 fm/c L & 2§ cP zo0 2 3
5 1 5 1
0.5 0.5
INNE : T T T -10 0 -10 0
) R 0 -5 0 5 10 0 -5 0 5 10
o (L035F i EJLF: ..... ) x (fm) x (i

(L3

(0.025 1o ‘;5
0.02F™, ) ) 5 s
= 1; 25

(L.015 ... - ¥ 0 2 § st 0. PT
15

0.01 o . — ]
0 /2 m dmr/2 2 > 1115
G -10 0
5 10

—> Strong fluctuations,inhomogeneous quark densities «m

C. Herold, M. Nahrgang, M. Bleicher, |. Mishustin
Marcus Blei

L.P. Csernai 13

dp/der [Im

i,
¥ (im)
den=
¥ (fm)
e




20

10

-10

-20

U 500

400

300

200

_ _ 100
JEjolor indicates En?rgy Density | 0.00 fm/c 0 /|
-20 -10 0 10 20

[fm]

LHC
b=0.7 t=32

—

! /\ ﬁ-;

Pb+Pb

1.38 +1.3 ATeV '

—

PIC hydro model

Pb+Pb 1.38+1.38 A
TeV, b= 70 % of
b _max

Lagrangian fluid cells,
moving, ~ 5 mill.

MIT Bag m. EoS

FO at T ~ 200 MeV,
but calculated much
longer, until pressure
Is zero for 90% of the
cells.

Structure and
asymmetries of init.
state are maintained
in nearly perfect

expansion.
.\zz-Movies\LHC-Ec-1h-b7-A.

L.P. Csernai 14




Fluctuations from initial shape, dynamics, etc.
other then the phase transition
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time 12 fm/c after the formation of
the hydro initial state. The expected
physical FO point is earlier but this
post FO configuration illustrates the
flow pattern.
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To minimize dynamical flucuations

Central
collision

Furthermore we used an EoS without a phase transition
and studied the changes and distributions of the thermo-

dynamical parameters.

Otherwise these depend on the impact parameter strongly
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Entropy per Baryon charge
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Observed Hadron FO
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Fig. 1. Results for the chemical freeze-out temperature and baryon chemical po-
tential. Curves obtained for constant values of E/N = 1.0 (full line) and 1.1 GeV
(dashed line) are also shown [12].
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QGP flow fluctuations and the characteristics of higher moments

D. J. Wang!, L. P. Csernai’*®, D. Strottman', Cs. Anderlik®, Y. Cheng?, D. M. Zhou®, Y. L. Yan®,

¥. Cai* and B. H. Sa®
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Fig. 1. (color online) The trajectory of fluid dynamical devel-
opment of QGP fluid at different beam energies as indicated in
the figure. Open squares belong to central Pb+Pb collisions,
the others are central Au+Au collisions, these are calculated
at a cell size resolution of dor = dy = dz = 0.575 fm, and
time step At = 0.04233 fm/c. The hadronic freeze out curve
[14] is indicated by a full black line. The CEFD evolution is cal-
culated well beyond this curve. This is possible as the CFD
model can describe supercooled QGP fluid also. The viscosity
is minimal and only the numerical viscosity is considered in
the calculations. These can be performed down to FAIR and
NICA energies, although the use of supercooled QGP EoS has
constrained validity at these low energies.

Eur. Phys. J. A (2012) 48: 168
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Fig. 8. (color online) The time development of the kurtosis,
K, and skewness, S, as in Fig. 7, but for the invariant scalar
specific energy density, £-%, distribution. In case of the invari-
ant scalar specific energy distribution, the skewness changes
sign at 7 fm/c. Unlike in Fig. 7 the skewness is initially nega-
tive indicating a wider spread in the invariant energy density
distribution, which can also be attributed to the presence of

QGP.
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Summary

e Critical fluctuations lead to characteristic changes of
Skewness and Kurtosis when the system goes
through a phase transition

* In HI dynamics the FO is close to critical point, but it
is not obvious which phase is more dominant.

 Dynamical fluctuations of other origin are leading to
similar changes! It is a demanding task to separate
the fluctations arising from different causes.

Thank you

L.P. Csernai
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