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INTRODUCTION

A Conventionahhydrodynamics
A Sacetime evolutionof (coarse
grained)thermodynamic quantities
A Microseopic information
A Lost throughcoars@rainingproeess
A Doestthe dostrinformation/play-an
important role incdynamics iamall
systemand/or onan eby-e basi®
A Thermal (Hydrodynamic) fluctuation!

Calzetta Kapusta Muller, StephanoyMoore,Murase Young... X
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Fluctuation Dissipation Relation

dissipation Thermal-equilibrium state
= Maximum entropy:state

Entropy

‘ , Balance between
| fluctuation andcdissipation
fluctuation A Stability ofithermal
equilibrium state




Fluctuation Dissipation Relation

dissipation Thermal-equilibrium state
= Maximum entropy:state

Entropy

\ : Balance between
| fluctuation andcdissipation
fluctuation A Stability ofithermal
equilibrium state

GOt (@011 (6)) = NO (adhwo
10 : Symmetrized correlation function
1001 : Tihhermal (hydrodynamic) fluctuation




Ictuating Hydrodynamics
‘Bjorken Expansion



Bjorken Expansion with
Viscosity and Fluctuation

Equationcof-motion Q: Energyidensity
QQ Q09 o 0 : Pressure
oF n (P l "Y) | Entropydensity
C@mstltutlve eguations j ShaasHESSy
» (] : Bulkipressure
Shear: T E fe==+ + 1 Sheariseosity
. =: Bulkwiscosity
Bulk: t, — 1 t.hf, : Relaxationitime

Qf t



Bjorken Expansion with
Viscosity and Fluctuation

Equationcof-motion Q: Energyidensity
QQ Q09 o 0 : Pressure
oF T (P l "Y) i . Entropycdensity

7 Shearsstress

C@mstltutlve eguations _
. (] : Bulkipressure
Shear: T E 7 of =1 Sheanviscosity

b =: Bulkwiscosity
Bulk: T2+ - = @ t fit : Relosatoriines

Ot
i : Gaussiamwhite noise*"\ Hydrodynamic
*K. Murase TH arXiv:1:304:3243; noises!

K.Murase PosterR21 ' 9
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ectfflutd Viscous fluid
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Fluctuation Theorem



D.JiEvanet al., PRL72,2401(1998);Gallavottand E.G.D.CohePRL74; 2694(1995);
D.JtEvanand D.J:SearlePRES2; 5839(2995).

(Transient) Fluctuation Theorem*

.,,U (- O“) (), 0(,): Probability-distribution
0G 0) of entropy (production sate
S0 -2 | .d)yai Entropyproductionsate

averaged-overt < k < 0

Probability cofrnegative
5) entropy production
a- Quantified through

®(H
fluctuation theorem!

*Milestone in morequilibrium statisticabphysicsrsincedinear respornserthegry



Entropy Fluctuation

Conseguence of fluctuatiom theorem In
Bjorkenexpansiton™

XY, Vo) p
Y, T (YD) Y= 3am

(2(15)): Average-entropy productionspenvolume
of localithermaksystem

20 — T3+ 23wpw: Volumeof localthermal/system

*For brief derivation sseehackup slide
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Entropy Fluctuation (contd.)

The numbercof independentlocal thermal
system: @ 30
W = —— '

308w a%

/ Theorem Uppertbound-of dotal entropy\
fluctuation iin Bjorkenexpansion

@, o X, Je(X(i)

Y., VBY.  Ti YD) Y XD
P P P

A Jet i =& QY. J
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Entropy Fluctuation (contd.)

The numbercof independentlocal thermal
system: @ 30
W = —— '

308w a%

/ Theorem Upperthound of dotal entropy\
fluctuation iin Bjorkenexpansion

p XY JeY(i) p
VO Y T (D) Y YD)

P P P

A JT i =X Y 4

S —
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Summary and Outlook

A HydroedynamicfluctuationinlBjorken
expansion

A Finalentropy (multiplicity) fluctuationdue
to hydro moises

A Huctuation theoremiin bBjorken
expansion®dy Upper boundoof fluctuation

A More guantitative -analysisqeeded
A Fluctuationof flowelocity?
A Higher harmonies-in 2Bxexpansion?
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Finite numberoof I

hadrons
Propagationofdets

Hydrodynamic
fluctuation

troduction




Size of Coarse-Grained System

A Hydro at work to describe ,
elliptic flow (~ 2001) QMu |

A Eby-e hydro at work to
describe higher harmonics QM p i
(~ 2010)

A Hydro at work in p
and/or p-A??? (2013

Is fluctuation important
____Insuch a small system?

QM p £k




