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Our Hybrid Model
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Fluctuating Initial conditions Hydrodynamic expansion Freezeout process
*From Hydro to particle
Akamatsu, Inutsuka, CN, Takamoto, *Final state interactions

arXiv:1302.1665. J. Comp. Phys. (2014)34

MC-KLN hydrodynamic model |#| Cornelius | | Oscar sampler

Nara Freezeout hypersurface finder

http://www.aiu.ac.jp/~ynara/mckin/ Huovinen, Petersen Ohio group
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Akamatsu, Inutsuka, CN, Takamoto:

arXiv:1302.1665, J. Comp. Phys. (2014) 34
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Viscous Hydrodynamic Model

e Relativistic viscous hydrodynamic equation
0, TH =0
— First order in gradient: acausality
— Second order in gradient:
* |srael-Stewart, Ottinger and Grmela, AdS/CFT,
Grad’s 14-momentum expansion, Renomarization group
* Numerical scheme
— Shock-wave capturing schemes: Riemann problem
* Godunov scheme: analytical solution of Riemann problem

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

e Kurganov-Tadmor (KT) scheme, McGill
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Our Approach

Takamoto and Inutsuka, arXiv:1106.1732

° Israel_stewa rt Theory Akamatsu, Inutsuka, CN, Takamoto, arXiv:1302.1665

(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

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 — i(ﬂﬁg 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
1= (no—HNs)exp[—?"] + Iy

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, dt=0.04
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Shocktube problem

e |deal case
0"~~~ ] 8 ——m+——r—m—r——r————r———
8| (a) — our result 1 (b) dx=0.1
dx=0.1 — analytic 0.7 | —— our result ]
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7T W — NT | 06 .. KT »
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> 10 > 04+
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L1 Norm

 Numerical dissipation: deviation from analytical solution

10° T —— 3
F our result —e— 7
% SHASTA ---%---
E
= 107
(4]
-
(4]
a
8 107}
o -
:l’ i
(a)
10-3 ol A L s sl
100 1000
Ncell
Cell
L(p(Ncell)ap anaytlc Z |p cell
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T,=0.4 GeV
v=0

T,=0.2 GeY/

For analysis of heavy ion collisions
N_.,=100: dx=0.1 fm

cell™

A

cell

A=10 fm

p(analytic)|



Large AT difference

¢ T,=0.4 GeV, T,=0.172 GeV

— SHASTA becomes unstable. IfOOA GeV | EoS:idealgas
- 1
— Our algorithm is stable. p=ze
* SHASTA: anti diffusion term, A_, 20172 GeY
— A,, = 1: default value, unstable v=0
— A_,=0.99: stable, 0 10

. . ) Nx=100, dx=0.1, dt=0.04
more numerical dissipation
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L1 norm

* SHASTA with small A_, has large numerical dissipation

100 E"l
10° g A S :
our result —e—
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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




Large AT difference

¢ T,=0.4 GeV, T,=0.172 GeV

— SHASTA becomes unstable. IfOOA GeV | EoS:idealgas
- 1
— Our algorithm is stable. p=ze
* SHASTA: anti diffusion term, A_, 20172 GeY
— A4 = 1: default value v=0

— A_,=0.99: stable, 0 10
. . ) Nx=100, dx=0.1, dt=0.04
more numerical dissipation

e Large fluctuation (ex initial conditions)

— Our algorithm is stable even with small numerical dissipation.
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Shocktube problem

* \/iscous case

20 - - - - - - - - - 0.8 - - - - - - - - -

(a) --- ideal fluid (b) dx=0.1
Bl ax=01 0 e n/s=0.08 | 0.7 | --- ideal fluid :
16 | N — n/s=0.16
14 |

o
N
T

e (GeV/fm3)

(=] N £ (=)] (=]
T T T T




HYBRID MODEL
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Our Hybrid Model

collisions thermalization hydro hadronization freezeout >
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Fluctuating Initial conditions Hydrodynamic expansion Freezeout process

*From Hydro to particle

*Final state interactions
Akamatsu, Inutsuka, CN, Takamoto,

arXiv:1302.1665. J. Comp. Phys. (2014) 34

MC-KLN hydrodynamic model |#| Cornelius | | Oscar sampler

Nara Freezeout hypersurface finder

http://www.aiu.ac.jp/~ynara/mckin/ Huovinen, Petersen Ohio group
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Our Hybrid Model

collisions thermalization hydro hadronization freezeout -
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Fluctuating Initial conditions Hydrodynamic expansion Freezeout process

*From Hydro to particle

*Final state interactions
Akamatsu, Inutsuka, CN, Takamoto,

arXiv:1302.1665. J. Comp. Phys. (2014) 34

MC-KLN hydrodynamic model |#| Cornelius | | Oscar sampler

Nara Freezeout hypersurface finder

http://www.aiu.ac.jp/~ynara/mckin/ Huovinen, Petersen Ohio group

Simulation setups:
* Free gluon EoS
_—  Hydro in 2D boost invariant simulation UrQMD

LB C. NONAKA * UrQMD with |y|<0.5




Initial Pressure Distribution
e MC-KLN (centrality 15-20%)

Pressure (fm)
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freezeout hypersurface

e QOutput from Cornelius

T,,=155MeV
t(fm) t(fm)
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Time Evolution of ¢ and v,

e Eccentricity & Flow anisotropy

n>, Z=X+1y Shift the origin so that £,=0

<
SN
I

" <v”>, v=v +iv, (0=g¢,v, <]

<>= f S%(x, y)/ d’x S°(x,y)

T>Tf =1 55 MeV
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Time Evolution of Entropy
* Entropy of hydro (T>T,,=155MeV)
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Eccentricities vs higher harmonics

e LHC (one event)
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Eccentricities vs higher harmonics

 RHIC (one event)
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Eccentricities vs higher harmonics
e LHC (200 events)
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Eccentricities vs higher harmonics
e RHIC (200 events)
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Hydro + UrQMD

* Transverse momentum spectrum

4 4
10 ' ' LHC centrality 15-20 % 10 ' ' RHIC centrality 15-20 %
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10 LHC cenltrality 15-20 %
@ =" (Hydro + UrQMD)
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Effect of Hadronic Interaction

e Transverse momentum distribution

1 10

1 10

110

10

10

10 ¢

10

RHIC cenltrality 15-20 %
@ 1" (Hydro + UrQMD)
A K (Hydro + UrQMD) 1
B p (Hydro + UrQMD)
O =t (Hydro + decay)
A K" (Hydro + decay)
O p (Hydro + decay)




Higher harmonics from Hydro + UrQMD

e Effect of hadronic interaction

LHC 15-20 % RHIC 15-20 %

0.1 - 4 0.1 F

0.05 4 0.05

0.0 7 0.0 -
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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
— Stable for strong shock wave

e Construction of a hybrid model

— Fluctuating initial conditions + Hydrodynamic evolution +
UrQMD

* Higher Harmonics
— Time evolution, hadron interaction
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Time Evolution of ¢,

Eccentricities
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Time Evolution of v,

* Flow anisotropies
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Time Evolution of ¢,

0.6

Eccentricities from 200 events
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Time Evolution of v,

* Flow anisotropies from 200 events
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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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p (GeV/fm3)
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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)}

‘
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rH LLE vs Sd%lAComp.lOS(lQQS’)QZ

06 LA A S A B A L L e A v vy LA B S A e aah SR B A B
.

! & il

04

0.2 .f | :I s ’;{

CY\F / 4+
{ RHLLE B | / SHASTA

4 -
00.:.4/{.1_‘1.1.1‘1LL.'., ._1.14'{.1.4.1.1.1.111

* % T § Y § Y §g vY§I Y 3§ L A B A S S B B A | L L

,., b 1t =

.
0.8 o :. - -
.
.




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
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Numerical Dissipation

* Sound wave propagation

P
fm-4 5 . o . . .
10004 b U g Ve|OCIty ____________ ______________ _____________ ____________ | |f num.enca' d|ss|pat|on does
) not exist
After one cycle: t=A/c,,
T Vsl =V iniX-Coot)
T S S .............. With ﬁnite numerical dissipaﬁon
-2 0 2
fm A=2 fm
periodic boundary condition
L1 norm Nouy \
L(p, ps; Neen) = Y _ | (i, A/ cs0) — (@i, M s0) | N
=1 after one cycle “
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Convergence Speed

cell

L(paps; Ncell) Z | p(xu )‘/CSO) ps(xza )‘/CSO) |

ell

10'2 E ——T 10 - E— r ————g
‘Free gas EOS —— Lattice QCD EoS —e—
& 103 F 1 & 103 E
3 ‘ E 5
A?‘,’ 4 L i = -4 |
= 10 : .z? 10 |
S 108 1 5 10
10°° NN —— 1076 ) e
100 1000 100 1000
Neell Neell
L(p, ps; Neet) < 1/N2,, mp  Space and time discretization
Second order accuracy
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Numerlcal Dlssmahon

o' b Free gas E0S —e— ) o L Lattice QCD EoS —e— 1
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N.um VS Grid Size

Numerical dissipation:
g| Deviation from linear analyses (L;;,)

0.005 T T T T
Negi=0 O
— N 100 X |
qjg 0.004 200
= 400 ]
5 0003 | Ligm) oo &
z >
o 0.002 |- o. B
< 0001 - - .
o
0 t'( | 1 | 1
0 1 2 3 4
1 (fm®)
Ex. Heavy lon Collisions
A~10fm
0.1<n/s<1
T=500 MeV

m) Ax<<0.8-2.6fm
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CsO(eO/\+ pO) (A.’IJ)2

Thum ~ 1-

Fluctuating initial condition
A~1fm
Ax<<0.25-0.82 fm




