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DYNAMICAL DESCRIPTION OF
HIGH-ENERGY
NUCLEAR COLLISIONS



High-energy nuclear collisions

Quark-gluon plasma (QGP)

Nuclei L'

(Heavy ions, light nuclei)
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High-energy nuclear collisions

Purpose?

- Equilibrium properties of QGP

unation of state \

Critical point, first-order phase transition, ...

Transport properties
Viscosity, diffusion, relaxation time, CME, CVE, ...

Stopping power for jets/mini-jets, ...

\ /
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Dynamical models

/Experiments A

e Created matteris small and short-lived

Aut+Au Vs 71200°GeV, STAR

* Matter expands in relativistic velocities [t

_ Observed quantities are just hadron momentum Y,

Dynamical models are needed

v Numerical simulation framework
v Quantitative description of whole reaction

v’ Pre-equilibrium/Hydro/Hadron gas stages

[ Equilibrium properties of QGP J
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Modern dynamical model

“Standard structure” of dynamical models
p

Hadronic cascades
Non-equilibrium dynamics
of hadron gas

—

Relativistic Hydrodynamics

Spacetime evolution
of thermalized matter

—

Initial state model

Initial state and
pre-equilibrium dynamics
\_ /
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Brief history of dynamical models

* |deal hydrodynamics (~2001) SELFAK | ucinen eral:  riraneet o

o Hybnd model (hydro + Cascade) (NZOO]_) A. Dumitru et al.; D. Teaney et al.; T. Hirano et al.
ideal hydro + hadronic transport

e \liscosity (2008+) #¥Li4:#{A H.Songetal;S.Ryuetal.
second-order causal hydrodynamics

. M. Gyulassy et al.; C. E. Aguiar et al.; Y.-Y. Ren, et al.; Z.
° Event_by_event ﬂ UCtuat|OnS (201 1+) Qiu et al.; H. Petersen et al.; K. Werner et al.; B. H. Alver
Monte-Carlo initial conditions

et al.; B. Schenke et al.; A. K. Chaudhuri; P. Bozek et al.; L.
Pang et al.; H. Zhang et al.; T. Hirano et al.

* Jet-induced medium response (2012+) Y. Tachibana, T. Hirano
Back reaction to hydrodynamics

. [Hvdrodvnamic fluctuations (2014+) %E)Jiﬁﬁ:] K. Murase, T. Hirano

Thermal fluctuations of hydrodynamics

e (Critical dynamics (Recent) M. Bluhm, M. Nahrgang et al.; M. Sakaida et al.; S. Wu et al.

o Dynamical initialization (Recent) C.Shen et al.; Y. Akamatsu et al.; Y. Kanakubo et al.

e etc. (Classical Yang-Mills eq, Anisotropic hydro, Chiral magneto hydrodynamics,

2019/6/22 Non-eq chiral fluid dynamics, Hydro+, ...)



Hydrodynamic fluctuations

\ Hydrodynamic

collision axis fluctuations

> = Thermal fluctuations
of hydro fields
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WHY HYDRODYNAMIC
FLUCTUATIONS?



Fluctuations in heavy-ion collisions

 Final observables

— flow coefficients v,, etc.

@

Matter response

EoS, n, (, T, etc Relativistic
e RY - hydrodynamics
Additional fluctuations (~QGP)

hydro fluctuations
jets/mini-jets, etc

L
e Initial state fluctuation Q 0

— nucleon distribution,
— gluon/color fluctuations, etc.
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QCD critical point search

Search of QCD critical point Dynamical models
and 15t order phase transition for high-energy collisions
EfEaur/quniverse 4 s The Phases of QCD \ (Hyd ro + Cascade + ...) /

Temperature

Needed extensions
* EoS modeling
e critical fluctuations

* dynamical initialization

: * dynamical core-corona
Baryon Chemical Potential Se p a rat i O n

Schematic phase diagram of QCD i
[taken from thg 2007 NSAC I.gong Range Plan] Dyn a m | Ca I m Od e I S
for lower-energy collisions?
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Hydrodynamics

Hydro = Basically, conservation laws

e.g.

8, T" =0,

“Hydrodynamics” works iff...

™ = eut'u”

— PA®Y + 7t

fluxes T (~ pressure, stress, etc.) are uniquely
determined by conserved densities T (~e, u!).

e.g. EoS & Constitutive eqgs. near equili
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Probability

~ V2 Thermodynamic

) limit

Pressure

/\ Voo
é
| B —— w/ fixed E/V

A

orium

unique!

P(e)

>
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Hydrodynamic fluctuations

Thermal fluctuations of fluid fields

spontaneous field fluctuations
of fluid fields such as v, I, etc.
at each t and each x

X c.f. L. D. Landau and E. M. Lifshitz,
Fluid Mechanics (1959)

Fluctuation-dissipation relation (FDR)

Magnitude of fluctuations 6, etc.
is determined by dissipation n, etc. (and temperature 7)

(6T ()01 (2')) = AT AP P (¢ — o)

n#0 om#0
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Fluctuation-dissipation theorem

Thermal distribution of fluid fields

112 TaTHY T )

1P~~-(e— _
nPr~S~V-|seq 2T¢ T

~1/VV

log (Probability)

dissipation
ﬁ h
h ﬁ

fluctuations P+ 1, mT#Y
Balance of fluctuations and dissipation
to maintain the thermal distribution

FDR =

2019/6/22
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Hydrodynamic fluctuations

FDR: <57‘[2> =~ 4TI’] / At Ax3 (At, Ax: typical length/time scale)

Water in a glass QGP in heavy-ion collisions
n =~ 1073 [Pa sec] (= 50 s) n=0.1s=0.2[fm?3]
T =~ 300 [K] (=3 x10° [MeV]) T =~ 300 [MeV]
Ax = 1073 [m] Ax = 1 [fm]
At = 1071 [sec] At = 1 [fm]
om ~ 4 X 108 [Pa] 6 = 2 X 10?2 [MeV/fm?3]
P ~ 10° [Pa] P~ 4X10°[MeV/fm3]
ém/P=4X101 ér/ P =0.05

Hydrodynamic fluctuations are not negligible in QGP
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Hydrodynamic evolution

without HF

c
conventional &
2nd_order = ] ]
ViSCOUS hydro -5 -6 -4 =2 a 2 4 1 B-B -5 -4 =2 a 2 4 E-B
x [fm] n,
with HF j
= )
2nd-order Y= s
> By

fluctuating hydro

-8 -6 -4 -2 8 2 4 6 &

2019/6/22 X [fm]
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1. Smeared fluctuating hydrodynamics

Noise terms with autocorrelations ~ 6®(x-x’)

Hydrodynamic eqs are non-linear

- Continuum limit is non-trivial

Regularization: cutoff length A (or cutoff momentum A=1/A)

15 15
1
10 0.5
5 ]
05
0 -1
5 -15

-10

~ coarse-graining scale > microscopic scale

Noise terms w(x) are smeared by,
e.g., Gaussian of widtho =41 :
1 (x — x')?

w(x)’ =

(fm)
y (fm)

-15

3./ . ! 45 110 -5 0 5 10 15
oty /d T exp( 52 )w(a: ). o

) no smearing (b) Gaussian (o = 1fm)
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2. Stochasitic Integrals

Structure of 2" order fluctuating hydrodynamics

{ dU = fl(Uv F)dTa
dl’ = fo(U,T)dt + g2(U) o dB,

noise

U = (e,ut,n;) I' = (IT, #**,v!") T proper time

- No difference between Ito/Stratonovich SDE

1 | 0go dg2
— dB+ = | == —72dr'| dB
g2(U) 0 dB = go(U) - dB + 5 | == dU + —=dl'| d

— ¢o(U) - dB. dr 0

Ito product

Stratonovich product
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3. FDR under background evolution

Matter created in nuclear collisions
Is not static and homogeneous

2019/6/22

Au+Au 200GeV MC-KLN
(x-y plane)

® & A N O N B OO ®

Usual FDR relies on
the linear-response

of global equilibrium
to small perturbations

.t

How is FDR modified in
inhomogeneous and

non-static matter?
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3. FDR under background evolution

Differential form FDR for simplified IS

(¢n(x)én(2'))y = (2 +mDIn % — TH&’) T¢6W (& — 2'),

(er (2)€2P (') = 2 l(Z +7:D1n I _ TwB) Arvel 4 TWDA‘MVQ’B] Tno™ (z — '),

T

(€' ()] (a")) = —2Twy A6 (x — o)

— AP KL (2)D - Kiy(2)D')0™ (v — o)

NE

+ {—A“O‘ [rix DTk — (D) Thinj — 7T ;]S — K%DA“O‘} 5 (z — ),

o

=1

where K3/ (x) = SSp_, T(2)(rin (@) knj (2) £ 7j(2)rni(2)) /2, and [o45]5 = (045 + 055)/2.

21

DAHEB = APV AP SDARMY, complicated expression
DAF* = A*, A% DA"Y, due to the tensor structure...

Essential structure

(E(x)E(2)) = (254— ’rigD In 1w T 6’9 T/a:5(4)(af: — ).

: TR —

2019/6/22 new modification terms relaxation time 51



3. FDR under background evolution

SSFT breaking by relaxation times was actually artifact.
With the FDR modification, SSFT recovers:

(E(@)E(z')) = (zg+ DI

1 _ TRGD Tk (z — 2').

TR

————————————————

R#1 SSFT breaking

=20y /(t—-1) a®

SSFT ratio R
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3. FDR under background evolution

When background is non-static / non-uniform,
FDR have corrections:

(£(x)E(z)) = [2 + 7rDIn L& TRe] Tro® (z — 2')

K. Murase, Ph.D. Thesis (The University of Tokyo), Sec. 4.4 (2015)

Otherwise, Fluctuation theorem (FT) from non-
equilibrium statistical mechanics is broken in 2n9-
order fluctuating hydrodynamics

T. Hirano, R. Kurita, K. Murase, arXiv:1809.04773

2019/6/22 23



4. Renormalization of EoS/viscosity

A-dependence of EoS and transport coefficients
* e.g. Decomposition of energy density in equilibrium

{700 = o = (e + ((e#P)u®+m,0)
internal energy “internal” “kinetic” energy
in ordinary sense energy
Global equilibrium Global equilibrium
in Conventional hydrodynamics in Fluctuating hydrodynamics

0,03
0,028
0,02
0,018
o0l
0,008

0.0
0,03
0,03

0,025 0.0 *
0.02 0,0 0,025
0.015 0,0 0,02
0,01 0,0 0,015
0.008 o 0,01
o 0,005
0
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4. Renormalization of EoS/viscosity

A-dependence of EoS and transport coefficients
* e.g. Decomposition of energy density in equilibrium

(T00) = e = (e + ((e+Py)u?+m,%)

I”

internal energy “interna
in ordinary sense energy

“kinetic” energy

* Every “macroscopic” quantities (e,, u,, etc.) are
redefined for each cutoff A.

 Macroscopic relations such as viscosity, EoS, etc. should
be renormalized not to change the bulk properties

(k—=>0, w—>0)

* Additional terms in hydrodynamic eqs: “long-time tail”

P. Kovtun, et al., Phys. Rev. D68, 025007 (2003); P. Kovtun, et al., Phys. Rev. D84,
025006 (2011); P. Kovtun, J. Phys. A45, 473001 (2012); Y. Akamatsu, et al., Phys.
2019/6/22 Rev. C95, 014909 (2017); Y. Akamatsu, et al., Phys. Rev. C97, 024902 (2018)
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5. Other renormalization

* Cooper-Frye formula:
How to sample hadrons from (e,, u*, ,*, I,)?

? © e
0 ® o
@ -
9

* |nitialization model (from partons, etc.):
Width and shape of smearing kernel
should match with those in fluctuating
hydrodynamics?

Larger A Smaller A
m Renormalization?

larger internal energy e, smaller internal energy e,
2019/6/22 smaller initial flow u, larger initial flow u, 26




SUMMARY
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* Hydrodynamic fluctuations are
thermal fluctuations of fluid fields
whose power is determined by FDR

* Many interesting topics on dynamical modeling
of hydrodynamic fluctuations:

—FDR corrections for causal hydro
— Fluctuation-theorem
—Renormalization of EoS/transport properties

— Renormalization of initial condition

—Renormalization of f(p) in Cooper-Frye
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