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Relativistic Heavy lon Collisions

Strongly interacting QGP
*Relativistic hydrodynamics

*Recombination model
T Jet quenching S
.| eColor Glass Condensate LHC:2010
Heavy lon Collisions: -
LHC.RHIC Heavy lon collisions Start!
< sQGP Quark-Gluon Plasma

o % O LHC: Energy frontier
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Dynamics of Heavy lon Collisions

Little Bang

QGP on the earth
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Dynamics of Heavy lon Collisions

collisions thermalization hydro hadronization freezeout

Observables: a lot of experimental data at RHIC and LHC photons/leptons,

bulk property >
Jets >
heavy quarkorB

Comprehensive understanding: Dynamical model
sQGP

Initial condition —| Hydrodynamic model |—— Freezeout process

fluctuating viscous, shock wave final state
Initial condition Equation of state interactions
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Higher Harmonics

more realistic
event by event

fluctuations

Reaction
plan

elliptic flow higher harmonics
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Higher Harmonics @ RHIC & LHC
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Challenge to Hydrodynamic Model

* Higher harmonics

% x 14-2v; cos(¢p—6O1)+2v; cos 2(¢p—BO2)+2v3 cos 3(p—O3)+2v4 cos 4(p—Oy)+- - -

Challenge to relativistic hydrodynamic model

Initial fluctuations —> shock wave
Viscosity effect —> Viscous hydrodynamics
Higher harmonics —> high accuracy calculations

Longitudinal structure — (3+1) dimensional

State-of-the-art numerical algorithm
» *Shock-wave treatment
*Less numerical viscosity




Viscous Hydrodynamic Equation

* Energy and momentum conservation
0, TH =0
" = (e + p)uu” — pg" AT
ATH = q"u” + q"u" + 7" .viscous effect
— First order in gradient: acausality
— Second order in gradient:

Most stable equation
for relativistic heavy ion collisi

e |srael-Stewart

Ottinger and Grmela

AdS/CFT
Grad’s 14-momentum expansion

Renomarization group
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Numerical Scheme

* Lessons from wave equation
— First order accuracy: large dissipation
— Second order accuracy : numerical oscillation
-> artificial viscosity, flux limiter
* Hydrodynamic equation
— Shock-wave capturing schemes: Riemann problem

* Godunov scheme: analytical solution of Riemann
problem, Our scheme

e SHASTA: the first version of Flux Corrected Transport
algorithm, Song, Heinz, Chaudhuri

e Kurganov-Tadmor (KT) scheme, Mcaill
é‘ C. NONAKA



Current Status of Hydro

Table 1.

Ideal hydrodynamical models.

In the table, we use the following abbreviation. IC: ini-

tial condition, G: Glauber model, CGC: color glass condensate, MC-G: Monte Carlo Glauber
model, MC-CGC: Monte Carlo CGC, 1QCD: lattice QCD inspired EoS, SPH: smoothed particle
hydrodynamics, PPM: piecewise parabolic method, CE: continuous emission, Obs: calculated
observables, and PD: particle distribution.

Ref. dim IC EoS scheme freezeout Obs
Hama® 3+1 NeXus Bag model SPH CE PD, v,, HBT
Hirano® 3+1 G, CGC Bag model | PPM**) cascade(JAM) Vg
Nonaka® 3+1 G Bag model | Lagrange | cascade(UrQMD) PD, v,

Hirano®''¥ | 341 | MC-G, MC-CGC 1QCD PPM**) cascade(JAM) Vo
Petersen'!’ | 3+1 UrQMD hadron gas | SHASTA | cascade(UrQMD) PD
Holopainen'? | 2+1 MC-G 1QCD SHASTA | resonance decay V2
Table II. | Viscous hydrodynamical models. In the table, we use the following abbreviation. CD:
central difference, and KT: Kurganov-Tadmor (KT) scheme.

Ref. dim IC EoS scheme freezeout Obs.

Romatschke'® | 2+1 G 1QCD CD single T% Vo
Dusling% 2+1 G ideal gas — viscous correction Vg
Luzum®) 2+1 G, CGC 1QCD CD resonance decay vy
Schenke!® 3+1 MC-G 1QCD KT viscous correction Vo, U3

Song'” 2+1 | MC-G, MC-CGC 1QCD SHASTA | cascade(UrQMD) Vs
Chaudhuri*®” 1% | 241 G Bag model | SHASTA | viscous correction V2
Bozek?" 3+1 G 1QCD — THERMINATOR2 | v1, ve, HBT
LIRS C. NONAKA
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Our Approach

Takamoto and Inutsuka, arXiv:1106.1732
* |srael-Stewart Theory

(ideal hydro)
1. dissipative fluid dynamics = advection + dissipation

exact solution Q

Contact discontinuity Riemann solver: Godunov method
I\ Rarefaction wave

Shock wave Two shock approximation

Mignone, Plewa and Bodo, Astrophys. J. $160, 199 (2005)

Rarefaction wave — shock wave

> x Akamatsu, Nonaka, Takamoto, Inutsuka, in preparation

2. relaxation equation = advection + stiff equation
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Numerical Scheme

° IsraeI—SteWa rt Theory Takamoto and Inutsuka, arXiv:1106.1732

1. Dissipative fluid equation
0, T" =0
TH = Sg + p)utu” — pg"” + gHu” + ¢¥ut + THY
= lideal T Tdissip

atU + V - F(U) =0 U = Uideal - Udissip

- 2. Relaxation eauation

n 1 .
DIT = — (s — IT) — I, 9w ="t 9 Ly -y
T ot Ox/ Y ot YT
D — l(ﬁg oy, advection stiff equation
Trn At < Trelax << TAuid

A 1
un = T_(q;lvs _q#)_lu,
D= quﬂau |: second order terms THY — TIAHY + gkv
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Relaxation Equation

e Numerical scheme

It = L (Mg - 1) — I,
T11

(2 +vji)H = —I—H,

advection

up wind method

Takamoto and Inutsuka, arXiv:1106.1732

0 1

—IT = —(IIyg —ID),

p ‘}’Tn( ns — ID),
stiff equation

At < Trelax << THuid

e during At HNS ~constant
Piecewise exact solution

f— 1
I1= (no—nNs)exp[—?"] +Tys

fast numerical scheme



Comparison

 Shock Tube Test : Molnar, Niemi, Rischke, Eur.Phys.J.C65,615(2010)

*Analytical solution

T=0.4 GeV EoS: ideal gas

v=0 1 *Numerical schemes
P =3¢ SHASTA, KT, NT

Our scheme
T=0.2 GeV
v=0
>
0 10
Nx=100, dx=0.1
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Energy Density

t=4.0 fm dt=0.04, 100 steps

20
18
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Velocity

t=4.0 fm dt=0.04, 100 steps
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t=4.0 fm dt=0.04, 100 steps
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Artificial and Physical Viscosities

Molnar, Niemi, Rischke, Eur.Phys.J.C65,615(2010)

" SHASTA Agg=10 —— 1

- SHASTA Ay =10 ——
_ A =08 ———-. |

x [fm]

Antidiffusion terms : artificial viscosity  stability

~

UM =U; — A+ Aiq




* Operational split and directional split

To Multi Dimension

oU+V- -FU)=S5SU)

\

C

v
oU +CU = SU

SF"
N v/

L'0;
i O;

=

Un.+1 U™ + At(S o C)U"
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0, T" =0

Operational split (C, S)

0,U+CU =0
\ 8tﬁ:Sﬁ
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To Multi Dimension

* Operational split and directional split

oU+V- -FU)=S5SU)

v
oU +CU = SU

< ‘@3

SE? :
= -V = L'"0;
\C i 0;

< =
Un.+1 U™ + At(S o C)U"

2d Un+1 — LJIY/ZL)LL/zUn

3d pntl = L}l{/6L\lv/6Lzl/3L\lv/6L/lr/3Lzl/6L)l./3L‘1_/6LZ1/3L1_/6L)1‘/3Lzl/6L/1\‘/6 U"

. L, : operation in i direction
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0, T" =0

Operational split (C, S)
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Higher Harmonics

Initial conditions
— Gluaber model

smoothed fluctuating
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Higher Harmonics

* Initial conditions at mid rapidity
— Gluaber model

. smoothed fluctuated
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Time Evolution of v,

0.2 . . . . . 0.2 T
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Time Evolution of Higher Harmonics

Petersen et al, Phys.Rev. C82 (2010) 041901

v/ (r™ cos(ng))? + (r" sin(ng))?

Un = (cos(n(dp — ¥y)))

" ()
1 (r"sin(ne))
q)n = Earctanm
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Ideal hydrodynamic calculation
at mid rapidity
- €., V,: Sum up with entropy density weight
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\iscosity Effect

o ©

initial Pressure distribution
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Viscous Effect

initial Pressure distribution
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Summary

 We develop a state-of-the-art numerical scheme
— Viscosity effect
— Shock wave capturing scheme: Godunov method

Our algorithm
— Less artificial diffusion: crucial for viscosity analyses

— Fast numerical scheme

* Higher harmonics
— Time evolution of ¢, and v,

e Work in progress
— Comparison with experimental data
— Construction of dynamic model
Nagoya-Duke-Texas A&M
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Backup
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Challenge to Hydrodynamic Model

* Higher harmonics and Ridge structure

% x 14-2v; cos(¢p—61)+2vy cos 2(¢p—O9)+2v3 cos 3(p—6O3)+2v4 cos 4(p—Oy4)+- - -

T
\

' \ ) )

n=2 \ n=3 ) [ n=4 ) n=5 ( n=6
\ p P
N

Mach-Cone-Like structure, Ridge structure

Challenge to relativistic hydrodynamic model
Viscosity effect —> from initial ¢, to final v,
Longitudinal structure — (3+1) dimensional

Higher harmonics —> high accuracy calculations

State-of-the-art numerical algorithm
» *Shock-wave treatment
KM | *Less numerical viscosity




Numerical Method

Takamoto and Inutsuka, arXiv:

0, TH = ( DI = (Il —TI) - I,
t=t" ¢ {(p", v, P UMideal), (gn, T  UNdissip) }
SHASTA, : . .
FHLLE, KT —) Riemann solver advection

|

t b t*n : {(p*n, v*n’ p*n; U*nideal):,"é

v
(q*”,T*”; Undissip)}
. v @

®|

- <o, S
Voo T !

t = tntl - {(pn+|, vn+|, pn+l; Un+|ideal), (an, Tn+|; Un+|dissip)}

‘

KM i
i C. NONAKA



2D Blast Wave Check

O  Pressure const.

Velocity |v]=0.9 Veloq\ty vectors(t=0)r
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1000 steps

500 steps Numerical scheme, in preparation
Akamatsu, Nonaka and Takamoto

Application to Heavy lon collisions
At QM2012!!



Viscosity Effect
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