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Introduction



Fluctuations in heavy-ion collisions

 Final observables

— flow harmonics v,, etc.

= »

Response of
Matter
EoS, n, {, T, A, ...

e |nitial-state fluctuation U 0

— nucleon distribution
— quantum fluctuation
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Fluctuations in heavy-ion collisions

 Final observables

— flow harmonics v,, etc.

a0

Other fluctuations

+|hydro fluctuation | Relativistic
. . . . hydrodynamics
+ jets/mini-jets (~QGP)
+ critical phenomena
+ ...
]
* |Initial state fluctuation Q 0

— nucleon distribution
— quantum fluctuation

2014/08/06 5



Hydrodynamic fluctuation

HF = Thermal fluctuation of dissipative currents

eg. 7H = 2778<“uV> + omh”,

/ &HF

thermal fluctuation

ensemble/event Balance
averaged at each spacetime x

FDR

‘ Fluctuation-Dissipation Relation
(6T ) ~ 4T/ V
decrease i

( V: 341 dim. volume Increase

anisotropy \ ¥ ) anisotropy
HF is important in e-by-e description of HIC
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Causal hydrodynamic
fluctuation



Causal hydrodynamic fluctuation

In causal theory (2"9-/higher-order dissipative hydro.)
Integral form of constitutive equation (CE)

' = /d4:r;'G(ac — 2k F(x") +ol
thermodynamic HF
force

Differential form of CE

L1 =rF +€¢
Linear operator noise

operatingon I 5 — 0%75]:1
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eg. X' =1+mD
DI+ 11 = —(0,




FDR of noise in causal theory

Ol: Noise in Integral form of CE

(8T (x)8M(0)) =KT[G(x)+G(-x)]
FIIZ)IR

ol: always
colored noise

G: relaxing

G: retarded §: always

white noise

G: causal
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KM, T. Hirano [arXiv:1304.3243]
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Numerical simulation:
Model




An Integrated Dynamical Model

-

\_

~
5. Analysis of hadron distribution

4. Hadron cascade (JAM)

ir

3. Particlization at T, = 155 MeV\
Cooper-Frye formula

Note: no viscous ?istortion

2. (3+1)-dim. Relativistic
Fluctuating Hydrodynamics

EoS: lattice QCD&HRG, n/s = 1/4n

i

1. Initial condition

Smoothed MC-KLN
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Updates of T. Hirano, P. Huovinen, KM, Y. Nara, PPNP
70, 108 (2012) [arXiv:1204.5814]
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Setup: Initial state & Hydro.

 [nitial condition
Au+Au, Vs, = 200 GeV
b =6.45 fm (~ Centrality 20%)
Smoothed MC-KLN (CGC)

x-y plane ; i n.-x plane

* (3+1)-dim Relatlwstlc Fluctuating Hydrodynamics:
with a new conservative scheme

a. without fluctuation =1 hydro + 10k cascades
b. with fluctuation - 10k hydro&cascades
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Hydrodynamic simulation

without HF T
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X [fm]

y [fm]

conventional
2nd_order
viscous hydro

with HF

2"d-order o=
fluctuating hydro =

£
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Numerical simulation:
Results




Elliptic flow vs n

Au+Au 200GeV, b=6.45fm, n/s=1/4n

0.14 Vo{RP} W/ HF i
0.12 Vo{EP} W/ HF +

2V2{§} w/ HF +--x--- EP: r]-SUb
0.1 P St

008 | o wx M Te - 2.05<|n|<3.2

N K-

> 0.06 -
0.04 -
0.02 |-

_ v,{RP}~<(v,)
1 w{2}=V(v,)2+0?)
-0.02 l | | l |
6 -4 2 0 2 4 6
pseudorapidity 1
* v,{RP} = v,{EP}: EP, (defined in n-sub) not changed by HF
< HF in forward/backward are independent

* Considerable amount of v, fluctuation o,
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Elliptic flow vs p-

Au+Au 200GeV, b=6.45fm, n/s=1/4xn

0.22 | |
0.2 vo{RP} w/o HF ]
018 Vo{RP} W/ HF == -
o oter Vp{2} W/ HF - -
@ 014 B
p-*>::l Ob‘l-? : _\:E_..-t-?(——:
N 0.08 - i
0.6 | i v,{RP}~{v,)
002 | 1 v{2}=V({v,)2 + 0?)
0 l | |
0 0.5 1 15 5

pt GeV

* Note: no viscous correction in Cooper-Frye formula
* Change of v,{RP} € non-linear hydro. evolution?
* Suppression in higher p-
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Higher harmonic flow vs p-

Au+Au 200GeV, b=6.45fm, n/s=1/4n

0.14 | | |
o012+ 2 T4e _

0.1 ke -

o 0.08 -
F 006} i I
0.02 1 2 .o ;é -

0 '#%'E e |
0 0.5 1 15 5
PT GeV

* V_4qi2}:
finite value even without initial-state fluctuation
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* Hydrodynamic fluctuation, thermal fluctuation of
hydrodynamics, has effects on flow harmonics

—event planes are not changed by HF
—finite v_44 even without IS fluctuation
—decrease of v, in higher pt region

e QOutlook
—results with IS fluctuations (jobs are running)
—viscous correction in CF formula

—compare results with experiments
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