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Introduction

Physics of heavy ion collisions and the quark
gluon plasma is getting matured:

Discovery stage = Precision physics

Main focus in this talk:

Towards precise description of space-time
evolution using hydrodynamics after initial
conditions
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New state of matter more remarkable than predicted -- raising

TAMPA, FL -- The four detector groups conducting research at the Relativist
(RHIC) -- a giant atom "smasher" located at the U.S. Department of Energ
Laboratory -- say they've created a new state of hot, dense matter out of t
are the basic particles of atomic nuclei, but it is a state quite different and ¢
had been predicted. In peer-reviewed papers summarizing the first three y
Physicist Nima Arkani-Hamed scientists say that instead of behaving like a gas of free quarks and gluons,
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Consistency of Three Pillars in.
Broad Rapldlty Reglon




GC Initial Conditions
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Importance of Fluc
Conditions
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Impact of PHOBOS finding

* System could (hydrodynamically?) respond to
such a fine structure.

s local thermalization achieved in such a
short length scale (~1 fm)?

Number of particles is quite small in such a
small system.

Concept of hydrodynamics? Is ensemble
average taken? Event-by-event hydro
Higher harmonics?



Higher Harmonics is Fir

ATLAS Preliminary
2<|Dh|<5

2<p?, p?<3 Gev




PHENIX v, vs. v; Argum
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Current Status: E-by-E H2¢
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Initial Density Fluctuatiol




v, ¥ *%)
V,{EP, V,12}, V, {4}, V, {6}, V,ILYZ, ...

Hydro-based event generator

—> Analysis of the outputs almost in the same
way as experimental people do.
Demonstration of v, analysis according to
event plane method by ATLAS setup.

E.g.) Centrality cut using E;in FCal region
ATLAS, arXiv:1108.6018
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Resolution of Event Plane

Reaction (Event) plane is not known
experimentally nor in outputs from E-by-E H2C.

Event plane method
Event plane resolution using two subevents

Ro = osfn(v’ ~ )

> Er; sin nqbl-)

). E7 i cosng;
c.f.) A.M.Poskanzer and S.Voloshin, Phys. Rev. C 58, 1671 (1998)

n¥, = tan~! (



Resolution of Eve

by-E H2C

Even Harmonics
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V {EP}(n)
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V,{EP} vs. v {RP}

v_{RP}: v_w.r.t. reaction pl
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Vn{EP}(pT)
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Fluctuation Appears Everywhere

hadron gas
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Kubo Formula

1 .
n = lim lim—f dtdx el

w—0g—-0 2w
X ([T xy (8 %), B

Slow dynamics is extracted.
inite relaxation time i



Causal Hydrodynamics

Within linear response

[1(t) = fdt’G(t,t’)F(t’)

S
uppose ( . A

T

K
G(t, t') = - exp

) O(t—t")
one obtains differential form

[1(t) — kF(t) 4> Simplified Israel-

[1(¢) = T Stewart Eq.




Relativistic Fluctuating
Hydrodynamics (RFH)

Thermal fluctuation must be important in
event-by-event simulations:

dissipative current thermodynamic force

HJ(x) = fd4x’G(x,x’)F(?c’) + EQ)
(E(x)E(x)) = G(x,x") thermal noise

Fluctuation € -2 Dissipation

For non-relativistic case, see Landau-Lifshtiz, Fluid Mechanics




Finite Size Effect

In RFH, fluctuation depends naturally on
local volume.

1
E(X)OC\/T—V

* Information about coarse-grained size?

* Fluctuation term ~ average value?

* Needto consider (?) finite size effect in
equation of state and transport
coefficients






Checklist for Initial Conditions

O Glauber, Color Glass Condensate, or any.
other production mechanism

O Implement Monte-Carlo method
[ Fluctuation from nucleon configuration
O Full 3D (even in Glauber)
[ Fluctuation of production mechanism

itself

[ Switchable among models of production
mechanism

0 Thermalization(?)




Checklist for Hydrodynamics

[ Lattice equation of state (finite size effect?)
[0 Arbitrary temperature dependence of
transport coefficients (finite size effect?)
-ull 3D causal dissipative hydro code
Robust algorithm against shock wave
-luctuation terms in constitutive equation
nterface with hadronic cascade
_ess numerical costs, in particular, at
freezeout

O0O000




Checklist for Hadronic Casca

[0 Compatible with PDG hadron
[ Interface with hydro output (
arbitrary phase space distrib

initial condition)
[0 Weak decays



Conclusion and Outlook

* Fluctuation would play an important
role in dynamics of QGP

* More sophisticated dynamical model is
required towards precision physics

* Finite baryon density for lower energy
collisions
* Incorporate of hard/rare probes(?)



Energy-Momentum Flow from Jets

3, TH =

» Jet quenching might affect dynamics at LHC
(and even at RHIC)

* Many jets could disturb fluid elements (or
even heat them up?)

* Beyond linearized hydro = Full solution

* How to non-perturbatively formulate J#?
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First Elliptic Flow Data at RHIC
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Theoretical Prediction of v, at
RHIC




v, in Broad Pseudorapidty Region
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v, from Full 3D Hydro
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Mass Splitting Pattern from |
Hydro
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