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Little Bang

Relativistic Heavy-Ion Collisions
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Quark-Gluon Plasma

Strongly interacting QGP
*Relativistic hydrodynamics
Recombination model

«Jet quenching

*Color Glass Condensate

LHC:2010
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Heavy lon collisions start!
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Property of QGP

* Equation of State
— Lattice QCD
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(2+1) flavor, Highly improved staggered e . _
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quark action _ o
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Property of QGP

e Current Status for transport coefficients

shear viscosity
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Temperature dependence is unclear.

Hydrodynamic model
vanishing

Detailed feature of shear and bulk viscosities
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Our Strategy

1. Development of new hydrodynamics code
— Stable with small numerical dissipation
— Shock wave
— Strong expansion in longitudinal direction

— Conservation property

2. Application to phenomenological analyses of LHC data

— Description of space-time expansion after collisions
[Experimental dat%
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Our Strategy

1. Development of new hydrodynamics code
— Stable with small numerical dissipation
— Shock wave
— Strong expansion in longitudinal direction

— Conservation property

2. Application to phenomenological analyses of LHC data

— Description of space-time expansion after collisions
[Experimental dat%
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Our Strategy

1. Development of new hydrodynamics code

— Stable with small numerical dissipation

Milnhe coordinate

— Shock wave e
— Strong expansion in longitudinal direction

— Conservation property

2. Application to phenomenological analyses of LHC data

— Description of space-time expansion after collisions
[Experimental dat%

collisions thermalization  hydro hadronization  freezeout - V
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Our Strategy

1. Development of new hydrodynamics code

— Stable with small numerical dissipation

— Shock wave Riemann solver

— Strong expansion in longitudinal direction | | n Milne coordinates

— Conservation property

—

2. Application to phenomenological analyses of LHC data

— Description of space-time expansion after collisions
[Experimental dat%

collisions thermalization  hydro hadronization  freezeout - V
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Small Numerical Dissipation

 Numerical dissipation: deviation from analytical solution
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Numerical Tests in 1D

v Bjorken’s scaling solutions K. Okamoto, Y. Akamatsu and CN,
Eur. Phys. J. C76 (2016)579

v’ Landau-Khalatnikov Solution (1D)

v’ Longitudinal fluctuations

v’ Conservation property
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Gubser Flow with Finite n/s

e Analytical soltition Marrochio et al, PRC91,014903(2015)
— Bjorken flow + transverse expansion
temperature viscous stress tensor
0.2 e . ' : : . , l :
0.18 | t=1.2fm\ M analytic 0.002 | )
0.16 | by
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Our computed results show good agreement
with analytical solution.
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Our Strategy

1. Development of new hydrodynamics code

— Stable with small numerical dissipation

— Shock wave Riemann solver

— Strong expansion in longitudinal direction | | n Milne coordinates

— Conservation property

—

2. Application to phenomenological analyses of LHC data

— Description of space-time expansion after collisions
[Experimental dat%

collisions thermalization  hydro hadronization  freezeout - V
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Quantitative Analyses [Experimeﬁ.dﬁ

collisions thermalization  hydro hadronization  freezeout

Initial conditions Hydrodynamics Final state interactions
Fluctuations: QGP bulk property Hadron based event
Glauber, KLN, EoS: lattice QCD generator
IP-Glasma... Shear and bulk
viscosities
TRENTO New UrQMD
_ hydrodynamics
Phenomenological model g

Bleicher et al., J.Phys.G25,1859(1999)
Moreland et al.,PRC92,011901(2015)

Ke et al.,PRC96,044192(2017)
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Time Evolution of Temperature

Ideal shear shear+bulk
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Shear and Bulk Viscosities

shear Viscosity ALICE Pb+Pb VSNN — 2.76 TeV, LHC
v Rapidity distributions
4 n/s=017 central collision: parameter fixing
shear + bulk viscosities v Py distributions |
v' Mean P;
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1 2
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Rapidity Distributions
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pseudorapidity M,

output

colission axis

e Parameters in initial condition TRENTO are fixed from comparison with
experimental data at 0-5 % centrality.
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1/s dependence

* p;spectra
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Kl P;spectra do not depend on n/s.
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1/s dependence

e Collective Flow
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Effect of Bulk Viscosity

e Shear + Bulk viscosities

[ | [ [
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Bulk viscosity reduces the transverse expansion.
-> Slope of P; spectra becomes steep.

-> Close to ALICE data.
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Effect on Expansion

280

I I
initial (x0.45) e
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initial

Bulk viscosity is large below 200 MeV.
-> |ts effect appears around T, ~160 MeV.
-> Expansion rate decreases in lower
temperature region.
-> VVolume elements of fluid keep
around T_temperature longer.
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Effect on Collective Flow

e Collective flow as a function of n,
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 (3+1)-d calculation

e v, with bulk viscosity is much closer to the ALICE data.
amplitude and slope

e Effect of bulk viscosity at forward rapidity is large.

Finite bulk viscosity
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Temperature Dependent n/s

Hadron + QGP
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Temperature Dependent n/s
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Temperature Dependent n/s

Hadron + QGP
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n/s of QGP and hadron phases is important.

30-40 % centrality
n/s of hadron phase is dominant.

Central dependence of v,(7,) reveals
temperature dependence of 7/s.
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Understanding QGP bulk property

* New relativistic viscous hydrodynamics code
— Stable with small numerical dissipation

— Phenomenological model: TRENTO — Hydro — UrQMD

— Quantitative analyses Akamatsu et al, JCP256,34(2014)
Okamoto, Akamatsu, Nonaka, EPJC76,579(2016)
° QG P bulk prope rty Okamoto and Nonaka, EPJC77,383(2017)
—_ Shear and bU”( Viscosity Okamoto and Nonaka, arXiv:1712.00923

— Finite bulk viscosity, central dependence of v,(1,)
e Future works

— Two particle correlations (HBT)
— Electromagnetic probes




