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Lattice QcD QCD PHASE DIAGRAM: EQUILIBRIUM DYNAMICS

Crucial Experimental Observable:

M. A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011)

M. A. Stephanoyv, Phys. Rev. Lett. 102, 032301 (2009)
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HYDRODYNAMICS
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Local Thermodynamic Equilibrium

T(%I)/ = f(eapa uu,mﬂ)

e=¢€(T,us) p=p(T,us)

Out-of-equilibrium Effects

11+

Local shear and bulk
viscous effects

T H E RMO DY NAM I CS /F;h;i.r;:fcigi (2020) 3, 034901

EoS = Non-critical + Parameterized Critical

p(T, NB) £et T4 Zn Cgon—crit (T)(”?B)n i pcrit (TaﬂB)

ldeal hydrodynamics evolves along isentropes:

one initial (7', 4B) , unique evolutions

4001 — S/ngp=68 —— S/ng=25 X
S/ng="50 S/ng=23 %\‘b:g
3504 — S/ng=42 — S/ng=21
—— 8/ng=35 S/ng=18
— S/ng=28 S/ng=16
300 1

Transition Line

= 250 )

=)

= 200 - j \se /
150 - //

Even in equilibrium,

8, T" = 0

evolution is dynamic

Critical
100 .
Point
501— ‘ . . . .
0 100 200 300 400 500
ps (MeV)
J. Karthein, Et al. Eur. Phys. J. Plus 4

136, 621 (2021),



a

THERMODYNAMICS AND EQUILIBRIUM LENSING
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OUT-OF-EQUILIBRIUM HYDRODYNAMICS

Upgrading traditional Navier-Stokes M

equations to be relativistic...

Leads to acausal (super-luminal)
mode propagation and
thermodynamic instabilities

Ve

(a) stable equilibrium

(b) Unstable equilibrium

One way to ensure linear stability and causality in your system:

dynamic relaxation of viscous components

Must be initialized
independently

Tﬂll.[—l—l_[:—caﬂuﬂ—l—...
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WHAT DOES THE INITIAL STATE OF HIC LOOK LIKE?

Courtesy Christopher Plumberg using Trento ..s.
Moreland, J. E. Bernhard, and S. A. Bass, Phys. Rev. C92, 011901 Phys.Rev.C 94 (2016) 4, 044907

IP-Glasma S. Schliching, B. Schenke
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IP-Sat courtesy Oscar Garcia-Montero,

in preparation
[eg(ns, x 1 )Tlo (GeV fm~2)

IP-Sat &
Pb-Pb,/Syny = 2.76 TeV

™|, #0

There is no reason to believe
this fact changes at lower
energies




THE BEHAVIOR OF T'MB TRAJECTORIES
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SIMPLE MODEL, QUALITATIVE INVESTIGATION

Phys.Rev.D 102 (2020) 7,
Toy model: Bjorken Symmetric Flow 074017

Highly symmetric scenario, functions of space and time become only functions of time
ﬁ
e.g. €(1,%) = €(71)
Coupled PDE’S become coupled ODE’s

e 1 1] P70
o T[€_|_p+H ﬂ-”?] p(T)_ T
Energy Conservation Charge Conservation
: 4
Viscous Trfry + Ty = % [?ﬂ — T (O + T ) + )\WHH]

H Denicol et al. Phys. Rev. D 85
Relaxation e

type equations THfI + 11 = _% (C + onm IT + %Aﬂﬂﬂ-g)




PROCEDURE

> INTIALIZE MANY DIFFERENT HYDRODYANMIC TRAJECTORIES
SYSTEMATICALLY FROM A LIST OF np,, HO; ﬂ-gl/(SAME ENERGY DENSITY)

» SELECT ON TRAJECTORIES THAT PASS THROUGH FREEZE-OUT
WINDOW, CENTERED ON THE ISENTROPE THAT GOES THROUGH
THE CRITICAL POINT, AND ALONG SHIFTED TRANSITION PARABOLAS

»REPEAT PROCEDURE FOR MANY DIFFERENT REALIZATIONS OF THE
EQUATION OF STATE
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AND SHAPE
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NON-TRIVIAL DISTRIBUTIONS OF FOURTH MOMENT
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IS NEAR-IDEAL HYDRODYNAMICS A ‘GOOD ENOUGH’
APPROXIMATION?®
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SUMMARY AND OUTLOOK

Out of equilibrium effects will be very important to take into account in
our search for the QCD critical point

Work is ongoing to begin modelling charge dynamics in more realistic
hydrodynamic models as well as in pre-hydrodynamic models

Models which include the initialization of out-of-equilibrium components
will be a crucial part of our ability to unambiguously find critical

behavior if it is there

Caveat: Dynamic criticality not included in this analysis

15



BACKUP




MAPPING THE 3D ISING MODEL TO QCD

Due to its
symmetries, QCD

First order

h“

is expected to be
in the 3D Ising
universality class
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P. Parotto Et al.
Phys.Rev.C 101 (2020) 3, 034901

M. A. Stephanoy, Phys. Rev. Lett. 107, 052301 (2011)
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Transport Coefficients

3.5 HB-O MeV 1.0
A L 15=0.30 GeV
3.0 0.8
Hue=0.35 GeV
2.5| — = 15=0.40 GeV sl
= 2.0 15=0.50 GeV =
s o
<15 0.4
1.0
__________ 0.2
05 MgNgimrmimr T TTITT
00, O'g 0 S o‘ 2 0 < 0
010 015 020 025 030 VD Vv A& SU LN N NS
T [GeV] T [MeV]

TD,E. McLaughlin, J. Noronha-Hostler, Phys.Rev.D 102 (2020) 7
Monnai, Akihiko et al,

Shear viscosity not sensitive Critically Scaled Bulk: i
o, . e C_T CT
to criticality explicitly ( 2 )CS [1 it (50) ]

18



= ‘{T(T), UB (T) }‘ Green Line: Equilibrium Hydro

trajectory

Critical Scaling
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Takeaways:  event-by-event basis

2. Degeneracy of final state
mapping to initial state

critical region?
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PHYSICALITY OF INDEPENDENT VISCOUS FIELDS

Consider the following thought experiment:

isotropic _ z
What is
expected to
be in this
black box?

2 THERMALIZATION

T

Wavelength (um)

Small deviation from eq

A kinetic theory perspective tells us that the viscous fields in relaxation hydro are given
by moments of the distribution function

Il ~ f dK (AHV k“’ ku) 5]0 This is more information than

only spatial gradients
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CAN WE REALLY EXTRACT NON-EQUILIBRIUM PROPERTIES?
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