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What you will see in this talk

v Motivation: why study heavy-ion collisions?

v Fluid-dynamical modeling of heavy-ion
collisions

v Conclusions and perspectives



Why collide heavy ions?

Need to approach thermodynamic limit

I =1 T

T T 1

Pb+Pb @ sqrt(s) = 2.76 ATeV

TIII]IIIII

2010-11-08 11:30:46
Fill : 1482

Run : 137124 | I |
Event : 0x00000000D3BBE69 1 1 1 | 1 ] 1 1 1

* ~thousands of particles
* large volumes ~1000 times larger than of a proton
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eavy lon Collisions
QCD matter is only created transiently ~10 fm/c

0 ~1 ~10 ~20
Hydrodynamic expansion expected
In this sense, use of hydrodynamics is not a surprise



Hydrodynamic modeling of heavy ion collisions

Initial state and “pre-equilibrium” dynamics
description of early time-dynamics and thermalization

I “hydrodynamization” by hand

\/

Fluid-dynamical expansion of QGP
Description of QGP as a relativistic dissipative fluid <

EoS, viscosities, ...

I fluid elements converted
v to particles

Transport description of Hadron Gas
Matter described by cross sections and
decay probabilities
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Empirical: “fluid-dynamical” modeling of heavy ion
collisions works well at RHIC and LHC energies

MADAI collaboration

QGP as a relativistic
Initial state fluid

Pre-equilibrium : o A | L B RS
dynamics Hadron fluid : Transpﬂrt/?reezgoqt'

fm/c

0 ~1 ~10 ~20

Main assumption: system approaches “local equilibrium”
on very small time scales ~1 fm

Does this make sense?



of a system over long-times and long-distances

Basics of fluid dynamics

Effective theory describing the dynamics

-

\_

Knudsen number: K ~ £ <1

L

\

Separation of scales — macroscopic: [, microscopic: /

J

Conservation laws
_|_

simple constitutive relations



Basics of fluid dynamics

Conservation laws

Net charge conservation

energy-momentum /a N;L — O\ strangeness
conservation p="s
[ 8M TFW __ O] apNéi — ()| electric charge
[ — Baryon number
GulVy = 0) Baw
lensor decomposition
( [T H H )
Ng = ngu 1y,
I = eu” / (Py + H) AN

/

net-charge diffusion

4-current

Projection operator: AHY

4

Bulk viscous

pressure

— gl’”/ — u“u}/

\

Shear stress

tensor



Basics of fluid dynamics

Conservation laws

energy-momentum
conservation

0, T =0

lensor decomposition

N
T = eutul/ (P + D) AP 4
/ / \
net-charge diffusion  Bulk viscous Shear stress
4-current pressure tensor

Projection operator: AH*Y = gHt" — uHlu”



Equation of state

Thermodynamic pressure: Py = Po (T, py, fie, b))

Lattice QCD: entropy density increases near T = 180 MeV

phase transition

| (e-3p)/T* .|

N | |
N,=10 BN | -
Ne=tzmm ||
cont N
T
8 C

T [MeV]

[N AN ) [ Y Y [N S [ [ N N IS O U A [N U AN NN [ | 0IIIIIIIIIIIIIIIIIIIIIIIIII

non-int. limit

3p/T4
T4 IR ]
3s/4T3 .

T [MeV]

290 330 370 130 170 210 250

290 330 370
PRD 90, 094503 (2014)
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Equation of state

Thermodynamic pressure: Py = Py (T, iy, fho, fL,)

205

Taylor expansion p  p, + 5 Ximm (Jug)f ( 1o ) ( fis )”
up to 4th order: 7* T71*

ol T T

ll'm!n!
[.m,n \ )
1QCD

* matched to hadron resonance gas model at small T
* matched to Stefan-Boltzmann limit at large T

* Prescription employed by:
Monnai, Schenke, Shen, PRC 100, 024907 (2019)
Noronha-Hostler, Parotto, Ratti, Stafford, PRC 100, 064910 (2019)

11



Basics of fluid dynamics

Conservation laws

Net charge conservation

encrgy-momentum (B NE — () strangenes
[@LTW — O} aﬂ N éi — ()| electric charge
\a,u N éj’ — O/ Baryon number
lensor decomposition
[ NE = nguf+nk )
T = eulu” — (Py + II) A*Y + 7
Challenge: What are the EoM's for the

dissipative currents?
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Relativistic Navier-Stokes theory

Shear Viscosity  Bulk Viscosity Net-Charge
Ditfusion

(Resistance to deformation) (Resistance to expansion)

ET‘W = 277V<“u”ﬂ [H — Cvuu“] [n’;:mqv*”%]




Navier-Stokes Theory

Dissipative currents 7, are proportional to gradients

T =2not” + ...

The equations are acausal and unstable !!!!

Israel-Stewart ThEOl‘y (transient theory)

Dissipative currents 7, become dynamical variables ...

The equations can be causal and stable !!!!
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General theory P = Vrp,
" = Vta
More accurate than Israel-Stewart theory ’
mll + 11 = —CO — (qn,V - n — mnn - F — ommllé
— A - L+ Ao
oM Lt = g TR — Y — S ant 0 — VI
T En*rrﬁmjvhﬁﬂ I TﬂHHFH — Tﬂ?rﬂwjf‘u
— /\nnnugﬁv + /\HHHIH — /\\nﬂ'ﬁmjlru-_

T ) L Y — 2nohY + Qﬁiﬂw”w‘ — OO — 7MW
+ \gllo? — 7 nWEY) 40 N HrpY)
+ /\7771_?1 <H I Ub

All transport coefficients must be provided!
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Theory we solve P = VIP,
T 7
More accurate than Israel-Stewart theory = Viao

- {p . i . ( \ . V)
TTTW{#V? 1 gV 2.”0-#?! 17 ‘#;;J”M _ Oﬁﬂ-ﬁ’u”@ . Tﬁﬂﬁ)‘{‘u gl

A

o — -
-

All transport coefficients must be provided!
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Conclusions and outlook

4 Fluid-dynamical models that describe several
energy heavy ion collisions are under construction
— but appear to be able to fit the data

\_

~N

J

- Equation of state

- dynamical equations for dissipative currents

- Many transport coefficients must be specified as

functions of T,
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