Flow in Light lon Collisions from Kinetic Theory and
Inferences on Hydrodynamisation

Clemens Werthmann
Ghent University

GHENT . :
UNIVERSITY  the Eurapoan tnion | erreon Reseern Soonet




Dynamical modelling in small vs. large systems

large systems: dominated

initial state pre-eq hadronic scattering

H dynar :;’ " & free-streamin
by hydrodynamic QGP, p N N —_—
.. SN S | |
Strong CO| |ECtIVIty ’S‘\‘ Tooll <<I 1fm/c mmu,l~ 1fm/c Threczo ‘,..LIN 10fm /c
J inbetween: light ions
. initial state dilute
Sma” SyStemS m|ght not —F pre-equilibium expansion free-streaming
- S
fully equilibrate, few i”"% I ~ |
Teoll < 1fm/c Threere—omt ~ 1 — 3fm/c

scatterings

comparing flow: inaccuracies in hydro masked by initial state uncertainties (v5 = Kes)



Dynamical modelling in

small vs. large systems

large systems: dominated
by hydrodynamic QGP,
strong collectivity

J inbetween: light ions
small systems: might not
fully equilibrate, few
scatterings

initial state f hadronic scattering

. dynamics & free-streaming _.'Qv\
ki —) « i v f
" | | | -

ZX‘. N I T T s @

N Ten € /e Ty ~ lin/c Thceso—out ~ 10fm/c g
. A

initial state dilute . ',/
— pre-equilibrium 1S free-streaming [r———
¢ dynam
i |

I I

Teoll < Hm/c Tireere—out ~ 1 — 3fm/c
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Approximations in hydrodynamics

e gradient expansion:

Knudsen number Kn ~ (y,¢,/L

= expansion around equilibrium: inverse Reynolds number Re ' ~ |m,,|/P

but derivation does not give specific values for the regime of validity!

= needs to be assessed in comparison to more microscopic description: kinetic theory!



RTA kinetic theory
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RTA kinetic theory

We perform simulations of hadronic collisions using p f = feq o
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and compare results for transverse flow to hydrodynamics
e conformal equation of state £ = 3P = aT" e, T =T 20T
.. p = f Tzx 4 Tyy
e transport coefficients from RTA x>
_ . 2
= elliptic flow of energy ¢,: extracted directly from hydro, ce, {2} = (lepl”) etc.

no need for hadronization 2



Comparing hydro to kinetic theory (for now: average profile)

! N . . .
Hydro doesn’t work at early times! We can e set up hybrid simulations
= scale initial condition of hydro = later switch gives better agreement
e assumes equilibration before e switching at fixed Re - gives good
transverse expansion handle on accuracy
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Regime of applicability of hydrodynamics

timescale of hydrodynamization:

for 4 . 3 (central 007?), need
non-equilibrium description of
transverse expansion

Victor E. Ambrus, Soren Schlichting, CW PRL 130
(2023) 152301
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Applicability of viscous anisotropic hydrodynamics

Same comparison of final state flow in the
“VAH" code:

M. McNelis, D. Bazow, U. Heinz, Comput. Phys. Commun. 267, 108077

e Anisotropic reference state captures
non-equilibrium pressure anisotropy
= can initialize far from equilibrium

e accurate beyond traditional hydro:
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Event-by-event Flow Responses

Elliptic flow response k£ = e, /€2
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* some event-by-event spread, but mainly following universal curves

e still hydro — kinetic theory as 4% — oo
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Universal flow response curve v, /ey = k()
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Flow Cumulants
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Hydrodynamization Observable: Definition

W = 2 Alog(ea{2k})  dlogs 2205

measuring hydrodynamization ~ kAlog(dB2/dy) ™ dlogd i) 0
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Hydrodynamization Observable: Proof of principle

crosscheck of W-observable:

with simulations

with experimental data
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NeNe/OO ratio
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e elliptic flow ratio ~ €5 ratio - ratio of responses

e difference in response varies with opacity scale and dynamical description
WiP w/ Victor E. Ambrus, Giuliano Giacalone, Fabian Zhou
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e simulated hadronic collisions in kinetic theory, assessed
applicability of hydrodynamics
e OO may lie on the border of applicability of (MIS) hydrodynamics

e flow results follow universal curve k(¥)

e can help understand e.g. flow ratio NeNe/OO

e hydrodynamization observable measures strength of dynamical
flow response independent of initial state:

2 Alog(ca{2k}) _ dlogk
" kAlog(dE, /dy) ~ dlog#

W
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