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Quark Gluon Plasma (QGP) and Hydrodynamics

hadronic phase final detected particles

initial state and freeze-out
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Conservation laws:
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2nd order I-S eq:

) 1 #
M= _ _ln+g9—znqvﬂq“+H¢Tap (T“'“’ )]

1 nT? v Tqu”
) = ey VA~ 41,V 7% + g VA — AT2q*8, | -2
1 Tq[q T erp T YT Tl 4 2\T2 ) |’
1 U
7-1_<,u,v) e [,n.ﬂ»v _ 2nv<ﬂu1/> _ lﬂ_qV(#qV) + ﬂ-#’/nTaa (T 4 ):| 2
T 20T

Input: EoS £ = £(P) ; Initial condition



Hydrodynamics as an Long-range Effective Theory
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Hydrodynamics

Applicability: small Knudsen number and inversed Reynolds number,
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Success in Large Systems

Hydrodynamics nice description of integrated and differential flow of charged and identified hadrons.
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Challenge in Small Systems

Applicability of hydro challenged in small systems(p-Pb, p-Au, O-O, p-p, ...

Large Knudsen number:
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Early-time pressure anisotropy (large
inversed Reynolds number):

Longitudinal pressure:

Pr =P + I 4 727"

Transverse pressure: Pp =P 4+ I1 + (7%* 4+ 7¥Y) /2
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Non-hydro Effects on Final-state Observables

Transverse expansion before hydrodynamization in dilute systems, leading to overestimated
dissipative effects on collective flow in hydrodynamics simulation.
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Hydro Simulations in Small Systems

Imperfect description of 2-particle cumulants ( { }) and even wrong sign of 4-particle cumulant
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Dorminant Dissipative Terms

 Rapid longitudinal v.s. moderate transverse expansion
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Viscous Anisotropic Hydrodynamics (VAH)

- Difference between VAH and traditional hydro:
Traditional hydro: T = Eatu’— (Pog 1 ILAF 40t

dominant terms small corrections
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Viscous Anisotropic Hydrodynamics (VAH)

Relaxation equations of VAH:
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Evaluating Pressure Anisotropy

Evolutionof / (, , ):
« Large anisotropy in the early stage and peripheral area.
* It's hard for smaller system to reach isotropization.
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Self-consistency of VAH

Evolution of Inversed Reynolds number:
-1 oni |
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« Small , indicate self-consistency of VAH from large to small systems.
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Apply VAH in p+p at 13 TeV

(2+1)-D simulation in the TRENTo3D+VAH+SMASH framework:

 Good description of
* Produce correct sign of
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Apply VAH in p+p at 13 TeV

VAH and viscous hydro (VH) with different parameters and regulation schemes:
Robustness of { } sign for VAH.

{ } sign has significant parameters and regulation dependence.

For VH,
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VAH, Hydro and Kinetic Theory Comparison

Assumptions:

* Finite transverse extent with longitudinal boost invariance ((2+1)-D simulation)
« Systems consist of massless particles (conformal symmetry).

Pr+2P, =3P=¢&, 1II=0

Boltzmann equation in the relaxation time approximation (RTA):
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VAH, Hydro and Kinetic Theory Comparison

Quantities of interest:
Transverse energy — = T/ (T** + TYY) »
X1

o 5 1/2
Inversed Reynolds number (Re™), = ( 82” ) =

Average transverse velocity (ui)e =

Momentum anisotropy .

Criterion of diluteness (Opacity):

h i R dE° 1/4
A= 5n/s \ ma dn

 The only parameter that determines the evolution.
 Encoding system size, and energy dependence.

Hydrodynamization

Radial expansion

Response to initial
spatial anisotropy

Transverse
dynamics
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« Transition from free-streaming (ultra-dilute) to ideal Hydro (ultra-dense) with opacity increasing

from to oo (shear viscosity from « to ).



Evolution Behaviours

 VAH nearly converges to RTA

 Good agreement with RTA at

in early-time evolution.
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Final-state Results

Final state results ( = ) as functions of opacity:

« Traditional hydro gradually deviates from RTA in O+0O and p+Pb collisions, while VAH maintains
good agreement.

« VAH fails to capture transverse dynamics at exceptionally large shear viscosity (small opacity).
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Summary

* Viscous anisotropic hydrodynamics (VAH) is an extended version of
viscous hydrodynamics with self-consistent assumptions.

* Properly capture the sign of 4-particle cumulant { }in p+p collisions at
13 TeV.

« Good agreements with microscopic theory in dilute systems when
traditional hydro fails; extending the applicability of hydrodynamics.



