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VOLUME 32, NUMBER 13 PHYSICAL REVIEW LETTERS 1 ApriL 1974

Nuclear Shock Waves in Heavy-lon Collisions

Werner Scheid, Hans Miiller, and Walter Greiner
Institut fiir Theovetische Physik dev Universitit Frankfurt, Frankfurt am Main, Germany
(Received 19 November 1973)

It is shown that nuclear matter is compressed during the encounter of heavy ions. If the
relative velocity of the nuclei is larger than the velocity of first sound in nuclear matter
(compression sound for isospin T'=0), nuclear shock waves occur. They lead to densities
which are 3—5 times higher than the nuclear equilibrium density p;, depending on the ener-
gy of the nuclei. The implications of this phenomenon are discussed. al

Scheid, Ligensa, Greiner; Phys.Rev.Lett. 21 (1968) 1479,
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Scheid, Greiner; Z. Phys. 226 (1969) 364. bl
G.F. Chapline, M.H. Johnson, E. Teller, and M.S. %
Weiss, Phys. Rev. D8 (1973) 135.
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FIG. 1. (a) Geometric parameters of the model.
3 (b} Two cases 0 >0 and 6 < 0. The unphysical situation
6 <0 is excluded by forces of constraints.



PHYSICAL REVIEW C VOLUME 24, NUMBER 1 JULY 1981

Importance of nuclear viscosity and thermal conductivity and the analysis of the bounce-off
effect in high energy heavy ion collisions

G. Buchwald, L. P. Csernai,* J. A. Maruhn, and W. Greiner
Institut fiir Theoretische Physik, Johann Wolfgang Goethe-Universitat, Frankfurt am Main, West Germany

H. Stocker

Geselischaft fiir Schwerionenforschung, Darmstadi, West Germany
(Received 12 January 1981)

Eiap=393MeV/N, b:4im, T=025Mev, x=0015¢/fm, <0 Ne+ U
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FIG. 2. Density contour plots of the Ne + U reaction
at E 5= 393 MeV/nucleon and b =4 fm calculated in the
equal speed system. The dynamical features can be
seen in the sequence from t=0 to 34.26 fm/c. The zero
temperature shear viscosity is ny=5.3 MeV/fm?.
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TWO-PARTICLE CORRELATIONS IN RELATIVISTIC HEAVY-ION COLLISIONS

i
CAUSED BY THE HYDRODYNAMICAL BOUNCE-OFF PHYSICS LETTERS

Volume 99B, number 2

L.P. CSERNAI ! and W. GREINER 12 February 1981

Institur fur Theoretische Physik, Johann Wolfgang Goethe Universitat,

Production of light nuclear clusters in heavy-ion collisions T

P R Subramanian}|, L P Csernaifq, H Stockeri*, J A Maruhnf,
W Greinerf and H Kruse§

J. Phys. G: Nucl. Phys. 7(1981) L241-
LETTER TO THE EDITOR

Direct nucleonemission from hot and dense regions described
in the hydrodynamical model of relativistic heavy ion collisions

H. W. Barz L. P. Csernai,* and W. Greiner
PHYSICAL REVIEW C VOLUME 26, NUMBER 2 AUGUST 1982

22 joint publications with Walter
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PICR-hydro

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

Lagrangian fluid cells,
moving, ~ 5 mill.

MIT Bag m. EoS

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

Structure and
asymmetries of init.
state are maintained
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Quark — Gluon Plasma

e 4
e low viscosity = strong fluctuations
e Low viscosity - dynamical instabilities




Fluctuations and
polarization
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Longer tail on the negative (low | ) side ! (see discussion of “Skewness” later)
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In Central Heavy lon Collisions

~ spherical with
~ like Elliptic flow, v, many (16) nearly
equal perturbations
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C____________________________________________________________]
CERN COURIER

Sep 23, 2011
ALICE measures the shape of head-on lead-lead collisions

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, all Collectivev,=0)!
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Fluctuations Global flow
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N
Two types of flow processes from:

Fluctuations and/or Global Collective Flow

 How to split these two:

 |n theoretical models

— Mode-by-mode hydrodynamics,
[S. Floerchinger, U.A. Wiedemann, Phys. Rev. C 88,
044906 (2013), Phys. Rev. C 89, 034914 (2014), Phys.
Lett. B 728, 407 (2014)]

e |n experiments it is more involved
e Average many events
» But keeping the symmetries

L.P. Csernai 21




Method to compensate for C.M. rapidity fluctuations

1. Determining experimentally EbE the C.M. rapidity
2. Shifting each event to its own C.M. and evaluate flow-harmonics there

Determining the C.M. rapidity:

The rapidity acceptance of a central TPC is usually constrained (e.g for ALICE
Inl <n;,=0.8, andso: [Nncu |l << N,y , SO itis not adequate for determining

the C.M. rapidity of participants.
Participant rapidity from spectators m
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|
[LP Csernai & H Stoecker J Phys G 41 124001]

Azimuthal Flow analysis with Fluctuations today

\
\
Is this a complete ortho-normal series? Yes, if the values are defined .....
We can see this by using: >
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|
[LP Csernai & H Stoecker J Phys G 41 124001]

Azimuthal FlOW analysis with Fluctuations today

Is this a complete ortho-norml series? Yes, if the values are defined .....
We can see this by using: >
The angles & should be measured with respect to the Reaction Plane (EbE)

Separating Global Collective Flow & Fluctuations
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Development of v,(y) at increasing beam energies

This can be attributed to smaller increase of p, and the pressure, and the shorter
interaction time, and also to increasing rotation.

In [Cs., Magas, Stocker, Strottman, PRC84 (2011)] we predicted this rotation,
but the turnover depends on the balance between rotation, expansion and freeze out.

Apparently expansion is still faster and freeze out is earlier, so the turn over to the
Positive side is not reached yet.

Interesting collective
flow phenomena in
low viscosity QGP -
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|
Hot-Gluon Field = Compact IS, shear & vorticity

o [Gyulassy & Csernai, NPA460 (1986) 723]: Flux tube dominance -

* Flux tube, w/ large string tension 2> -—
» Longitudinal extension is limited:

 Energy & momentum conservation

« Shear flow, vorticity, rotation

e |IS:3-4fmlc

« [Magas et al.,, NPA 712 (2002)167]
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Fluid dynamics as a diagnostic tool for heavy-ion
collisions

Correlations among elliptic flow parameter, im-
pact parameter, and multiplicity

Pb+Ph 2.76TeV

b quark and anti-quark 7
L () 60-70% centrality |
-~
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Longitudinal fluctuations in the partonic and hadronic initial state
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Q_GP flow fluctuations and the characteristics of
higher moments
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HYDRO-PACIAE, a hydrodynamic and transport
hybrid model for ultra-relativistic heavy ion collisions

Higher-moment singularities explored by net-proton nonstatistical fluctuations
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Viscosity vs. T has a minimum at the 1%t order phase transition. This might signal the phase transition if
viscosity is measured. At lower energies this was done.
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ROTATION

KHI -

2.4 fm




Elliptic flow and F.O.

[ Taub 1949, Csernai 1987 ]:

Spec. case:
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T
Detecting rotation:

Lambda polarization

< From hydro

[ F. Becattini, L.P. Csernai, D.J. Wang,
Phys. Rev. C 88, 034905 (2013)]

LHC RHIC
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I
[ F. Becattini, L.P. Csernai, D.J. Wang,

Lambda pOlariza’tiOn Phys. Rev. C 88, 034905 (2013)]
LHC RHIC
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Inconclusive (2007)

Measurements:
zzj 62.4 GeV
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B.l. Abelev et al., (STAR)
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62.4 GeV

200 GeV

* Azimuth averaged |
*C.M. &RPp/m should be
precisely determined,

& only at large p, !




Polarization in E.M. & in ECHO-QGP hydro

 Y-directed polarization, I1,, is very different. In E.M. max polarization is -119%,
>> in ECHO-QGP [Becattini et al.] itis -0.2%,due to lack of initial shear flow

Phys. Rev. C (2015) in press.

0.2%
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(IWoC2014, Kolymbari, Crete)
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Just go ahead Laszlo!




A polarization (prelim, a.u.) RHIC
STAR - BES, Mike Lisa, talk at
WCPF 2015, Warsaw:

(i) In peripheral HI collisions
significant polarization for
E=7.7-39 GeV/nucl.

(i) A and A are both polarized in
the same direction = not EM but
mechanical (spin-orbit) effect.

« Reaction plane identification
error is not yet corrected for

« EbE CM s not yet identified !

« All emission angles and energies
are added up !!
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eSS
Conclusions

 Collective flow, Rotation, KHI, Turbulence are
dominant in FD

« Dominant observables are expected, & seen

« QGP properties will be analyzed and Transport
properties determined quantitatively.

Happy
birthday

Walter!
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