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The Plan for Lecture ||

Ingredients of Hybrid Approaches

— Hydrodynamics and Transport

— Initial conditions and Cooper-Frye surface
Historical Overview

— Development of hybrid approaches

— Important results

Interfaces between Hydrodynamics and Transport
— Deviation from equilibrium in the initial stages
— Negative contributions on Cooper-Frye surface
One specific approach: SMASH-vHLLE hybrid
— Application to beam energy scan energies

— Results for hadronic rescattering
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Hyobrid Approaches: Ingredients




Time Evolution of Heavy-lon Collisions

Detailed dynamical modeling is essential to learn something
about hot and dense QGP stage

1x 10-23s 10 x 10-23s 30x 10835

Nonequilibrium | Relativistic
initial state | " Hydrodynamics | >Hadron Transport
dynamics

Hybrid approaches are current tool of choice
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Hybrid approaches

Transport

Microscopic description of the whole
phase-space distribution

Non-equilibrium evolution based on
the Boltzmann equation

(puapt )f = ]coll

Partonic or hadronic degrees of
freedom

Cross-sections are calculable using
different techniques

Phase transition?

Hannah Elfner

Hydrodynamics

Macroscopic description

Local equilibrium is assumed
O, T =0 J,(nut)=0

+VISCOUS corrections

Propagation according to
conservation laws

Equation of state is an explicit input

Boundary conditions: Breakdown of
equilibrium assumptions?

06/24/22
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General Ingredients and Interfaces

Initial conditions:
— Saturation based, e.g. IP-Glasma, Magma, EKRT
— Nucleon based, e.g. MC Glauber
— Dynamic approaches, e.g. NEXUS, UrQMD, AMPT, SMASH
— (Generic parameterization Trento
Non-equilibrium evolution

— Free-streaming

— Linearized kinetic theory e.g. Kompost
— Dynamic approaches (see above)

Viscous hydrodynamics (often with boost invaria

Cooper-Frye swi

Had

tching hypersurface and sa

‘onic rescat

ering with UrQMD or SMAS
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Applicability

Goal

Limits

— Combine the two approaches in such a way, that switching

IS performed in region of joint app

icability

— Transport theory is appropriate of
systems

equilibrium and for dilute

— Fluid dynamics is applicable, if energy-momentum tensor is
close enough to a nearly ideal form

Motivation
— Hybrid approaches were develop

ed to accommodate

differential chemical and kinetic freeze-out for different

particle species

— Hydrodynamics breaking down for off-central collisions
(small systems), low beam energies
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The Pertect Liquid

In 2005, Brookhaven National Lab announced in a press
release that RHIC had created a new state of hot and dense
matter which behaves like an ideal liquid

A New Area of Physics

RHIC has created a new state of hot, dense matter out of the quarks and
gluons that are the basic particles of atomic nuclei, but it is a state quite
different and even more remarkable than had been predicted. Instead of
behaving like a gas of free quarks and gluons, as was expected, the matter
created in RHIC's heavy ion collisions is more like a liquid.

Gluons and quarks lons about 10 collde Just after collision I'he "perfect” liqud

A'"Perfect" Liquid Quark-Gluon Plasma

RHIC scientists had expected ccollis ons batween RHIC's perfect liquid also turns cut to be the
two beams of gold nuclei to mimic conditions of the  hottest matter ever created in a laboratory,
cerly universe and producc a gascous plasma of maeacuring some 4 trillicn cegrees Cels us, or
ths smalest comporents of matter — the quarks 250,000 tirres hotter than the center of the Sun.

taken from website for RHIC at BNL
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Hydrodynamics

|deal/Viscous relativistic fluid
dynamics

Conservation Laws

0, T"" =0 O, (nut) =0

Macroscopic quantities like energy
density, temperature, pressure

T = (e + P)utu” — g*" P -

Calculations on a grid with 8 Mio. cells
that are evolved in time
asqtad:N=§ e

One can treat the phase transition : VDO
via the equation of state (relation e e N I

between pressure and temperature) T [MeV]
J. Steinheimer et al, J.Phys.G G38 (2011) 035001

/T’ —_—
pnt o —

N & O
[P B S

-
A
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Viscous Hydrodynamics

3+1d viscous

' ' ' E.g. MUSIC code is available here
hyd rOdyn aMmICs IS ap p | Ied http://www.physics.mcgill.ca/music/
by M aﬂy g I’OU pS Shear viscosity — measures the resistance to flow

 —-

act against the buildup of
flow anisotropy

—Stability against shocks is
crucial for event-by-event

Cal CU | at|on S Bulk viscosity — measures the resistance to expansion

Equation of state that

act against the buildup of

matches available lattice e fon

Q C D d ata Heat conductivity — measures the ability of heat transfer
What about finite baryo- A Assume: A=0, n~0 (RHIC&LHC)
chemical potential? H. Song, CPOD 2014

 femperature and net baryon density dependent transport
coefficients? Cross-conductivities and diffusion matrix?
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Freeze-out Procedure

Deconfinement/Confinement transition happens through equation of

state in hydrodynamics

Transition from hydro to transport when temperature/energy density is

smaller than critical value

Particle distributions are generated according to the

Cooper-Frye formula

IN
E=
d3p

— / f(x,p)ptds,

Same EoS on both sides of the transition hypersurface

Rescatterings and final decays calculated via hadronic cascade

Separation of chemical
and kinetic freeze-out Is
taken into account

Large viscosity in hadron
gas stage!
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H.P. et al, Phys.Rev. C78 (2008) 044901




Hadronic Transport

Transport of a non-equilibrium
system of microscopic particles

All hadrons in the PDG up to
masses of ~2.5 GeV

—ffective solution of Boltzmann
eqguation

Collision Criterion
Ot

o 5 01 . .. o — o,
[_ ‘I—% X _] fl(parvt) — Z C(p,r,t) dmin _do - T

.................

Point particles, binary collisions ? spe oo B

Whole evolution and history of the |,
evolution including full phase- IR 1V 0 S O S N TN
space information I e e

...................

-

-
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One Event at RHIC Energies

Time:0.08
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Status of Theoretical Modeling

Ultimate Goal: Calculate two colliding nuclei at the speed of light
as a dynamical many-body problem from the QCD Lagrangian

S .

Elements for a consistent description of the whole heavy ion
reaction at highest RHIC and LHC energies:

— Initial Conditions  Understanding of bulk properties,
— Pre-equilibrium Evolution fluctuation observables,

— Hydrodynamics » Background for hard probes,
especially correlations

— Hadronization

— Hadronic Rescattering and Freeze-out
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Historical Overview

Based on HP J.Phys.G 41 (2014) 12, 124005




Voloshin, Snellings, Poskanzer, arXiv: 0809.2949,
Landolt-Bornstein 23 (2010) 293-333

W
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3+1 D ldeal Event-by-Event Hydro+Cascade

HP et al, Phys.Rev. C79 (2009) 054904
0.25 —T———

02F I-

0.15

V2/6

O.1F

0.05

O === UrQMD+Hydro, IF (HG). ¢

0O === UrQMD+Hydro, GF (HG). ¢,

A === rOMD+Hydro, GF (HG). «
) | Y 1 '

(] /S) dNCh/dy

Elliptic flow scaled by the initial
eccentricity vs. density in the
overlap region allows to
compare different centralities
and energies

Qualitative behaviour nicely reproduced
IN 3+1d transport+hydro approach

(Uncertainty due to eccentricity calculation)
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First Hybrid Approach

Early Sketch ~2000

time

Binary Freeze Out

Collision
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macro to micro transition temperature T, (MeV)

vy the mean transverse momentum of protons is
affected by hadronic rescattering

S. A. Bass and A. Dumitru, Phys. Rev. C 61 (2000) 064909, see also D. Teaney, J. Lauret and E. Shuryak nucl-th/0110037
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3+1D ldeal Hydro+Cascade

Transport evolution helps at
forward rapidities and In
oeripheral collisions oo |

Mass splitting Is increased

Au+Au, sqrt(s)=200 GeV

0.06

charged particles central

C. Nonaka and S. A. Bass, PRC 75 (2007) 014902
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T. Hirano, U. Heinz, D. Karzheev, R. Lacey and Y. Nara, PLB 636 (2006) 299 and PRC 77 (2008) 044909
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2+1D Viscous Hydro+UrQMD

06+ —— 1deal hydro vs, visc_ hydro+UrtQMB{— o—g 111,5,31 hydro Vé, ideal hydroLUrQMD— 06
05k — — ideal hydro vs. visc. hydro | @—e visc.hydro vs. vise. hydro+UrQMD) s
5 "L ~__ idealhydro __ wvisc.hydro 1 1"
2 04— +UrQMD " +UrQMD o4
U . 1 -
2 03 %:1_ —023
z - . T ~o— >— .
> 02— S~ ____ —8- —o— 202
o1 T m- - . CTTTTT T s95p-PCE Jdo1
L | | | | (a) | AuTAu,G]aubef im'tializatioln (b)| ™
0 | | | | | | | | O
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N Non

H. Song, S. A. Bass and U. Heinz, PRC 83 (2011), 024912

Suppression factor quantifies v2 reduction

L|2

A B
l‘z T.rz

'l-"‘;‘

Hadronic rescattering yields more suppression of
elliptic flow than viscous hydro (with n/s = 0.08)
compared to ideal hydro
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Hydrodynamics + Afterburner at RHIC

Hybrld mOde|S descrlbe <07 g 0-5% 5-10% 10-20% 20-30% 30-50%

6 E

bulk properties of the quark 2 =" " 7 |~

gluon plasma at RHIC Pl

Hadronic rescattering has
effect on spectra and
elliptic flow

[
/
/
/
/

Rs1Je
LT S B LI = O
|
|
|
|
|

Rlon,,
(=)
/I
/l
LI .ll 1 AL AREAREA LIS L LRI LA ULl
/
ll/lll A LR RANE A AR A A AN U
{*l

A103 : : : ;L-_l,lx;_ oL SR R S
N> .Q o Cl;"(""i'y 06)% 0.2 04 02 ¢4 02 04 02 04 02 0.4
m PHENIX ! 7'

T O [ 102 % A K' (PHENIX) ; m, (GeVic)

> - %] % ) p (PKENIX) K. Werner at al, Phys.Rev. C82 (2010) 044904

é Z ~— ® ' (Hydro | UrQMD) D 25_

— O 10 | A K" (Hydro + UrQMD) 1 =T :

0 > P B p (Hydro + UrQMD) _ —— ,w rescattering

©c2 O - - T,Wf0 rescattering

T - 1 : 0.2° —— p, w rescattering

Ql o0 % C p, w/o rescattering

ol -1 -

T 2107 | 0.15-

Sw Q. 2 , > -

Q2 a 10 = ’ 0.1

oY = 4 o :

e VS - 3 1 D- ] -

= 8 10 DE. A

Q ~ 10" e

" 0 1 2 3 4 n_.‘...l..l. " P N -

02040608 1 1214 16 1.8 2

Py (GeV) 0.4 0.6 0.8 6 1.8

P, (GeV/c)
Hirano et al, Phys.Rev. C77 (2008) 044909
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Hybrid Results at LHC
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Bulk properties well-described by hybrid approaches also at the LHC
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vo(pT) for |dentified Particles
VISHNU compared to ALICE data on identified hadron

elliptic flow
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In central collisions the rescattering destroys the mass
ordering from original hydro calculation
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Final State Rescattering

Why it matters:

—Separation of chemical and kinetic freeze-out

—Influences the dynamics of identitied particles:
ncrease of mean transverse momentum by up to 30%
Mass splitting for anisotropic flow

How large is the eftect on higher harmonics? What is the viscous correction
to the distribution functions on the Cooper—Fr3{94surface?
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Viscous Hybrio

Hybrid calculation confirms previously found low values of
viscosity during the hot and dense stage of the evolution

Initial Conditions yield a factor of 2 uncertainty

MC-KLN  hydro(m/s)+ UrQMD /s [ MC-Glauber  hydro (n/s) + UrQMD  W'S S
- 00 | o 0.0 g
025 (a) ) o= 50,08 >
0.2 | | ~ - e 0.16 >
L 016 | 7 . v . 1__
= | N RS Rl :°"° 0.24 S
w015 - & ‘El - o— ¥ _
> - * & - o
P :
0.1 - ﬁ/ . M =
0.05 i v {2}/ <8;;2m>:£.\' | o - v{2}/ (e n);f o
o OAVECH VNI S 0 (v)/ e, ), 5
0 1 1 . 1 . 1 , . 1 . l 1 ! , -

0 10 20 30 0 10 20 30 40

(1/8) dN_ /dy (fm™) (1/) dN_ /dy (fm™)

—lliptic flow from viscous
hydrodynamics+hadron transport
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Status at QM 12

Summary table from J.-Y. Ollitrault (plenary at QM12)

Aurther Prosents SNVI0 19 pve izl

Huichao Song ID 1207.2396 v v
Teaney/Yan A 1206.1905 v

Chun Shen A 12026620 v

Sangyong Jeon 2A v v v v
Matt Luzum 2A v

Piotr Bozek 2C 1204.3580 v v v

Bjorn Schenke 3A 1109.6289 v v v
Dusling/Schacfer 3A 1109.5181 v

Chiho Nonaka 3A 1204.4795 v v v
Ryblewski/Florkowski 3D 1204.2624 v

Longgang Pang 4D 1205.5019 v v

Hannah Petersan VA 1201.1881 v v v
Fernando Gardim 6D 1111.6538 v v

Zhi Qiu 29 1208.1200 v

Gardim/Grassi 52 1203.2882 v v

Katya Retinskaya 57 1203.0931 v
Hirano/Murasc 255 1204.5814 v v v
Holopainen/Huovinen 284 1207.7331 v

Asis Chaudhuri 1121166 v v

lurii Karpenko 1204.5351 v v
Yu-Liang Yan 11106704 v v
|losh Vredevoogd 1202.150% v v

Ron Soltz 1208.0897 v v
Rafael Derradi de Souza 1110.5698 v v

+ 10 more years of development support the ,standard
model for heavy-ion physics’ as hybrid approaches
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MUSIC+SMASH Hybrio

Optional: Global conservation laws and broad mass
distributions for resonances at particlization

I\/IUSIC+UrQI\/ID from S. Ryu et al, PRC 97 (2018)
' " IP-Glasma + MUSIC ' STAR 7

) = PHENIX ©'/m 4 o

10 . K © KK o -
& SMASH i anti-proton O p/pbar H . /—‘/_ ol
> ol | A SMASH w/o collision | Aut+Au P
S 200 GeV A
e -20-30% P A/
% 10° shear+bulk &> = m
2 n/s = 0.06 £ _ o @
S 1 —TSW:165MCV /A . / If |i| %

e - . i}
S AL D "/.III
NN i ~~0 SMASH —— A
= 10 - é/AKCD O UrQMD -—--:
Q =] . ’ SMASH w/o collision -------
: 3 "~._. E el _'_‘ B -m’
=10 PHENIX ©= 4 =
shear+bulk -
200 Gev /s =0.06 Ko IP-Glasma + MUSIC
20-30% 7+ o
4 =165 MeV pI'OtOl’l ! ! ! ! ! ! !
10 : ' -0.04
0 0,5 1 1.5 2 25 0 0.2 0.4 0.6 0.8 1 1.2 1.4
pr(GeV) p7(GeV)

Results for bulk observables are similar as within UrQMD

—ffects on spectra and mass splitting of elliptic flow consistent
with prior findings
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IP-Glasma+MUSIC+UrQMD

Hybrid approach applied to many systems at different

energies
0.14_'[ T T LI B B B T T T T T T T
- — PbPb@5.02TeV — pPb@5.02TeV i
0.12[ ———- XeXe@®@5 44TeV -~ pp@13TeV o
e 0005.02TeV

AN /dn

B. Schenke et al, Nucl.Phys.A 1005 (2021)

Vo3 are very well described
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JETSCAPE  wsecase

Open source framework with modules for all stages of
collision (including energy loss modules)

6500 - 12.51
SMASH 600 - 7 —
Sm‘ 600 e UrQMD — ; 10.0 |
7 /‘ o 400 1 e
g JETSCAPE 5 = g 5ol
W 200 200
© 2007 2.5
D - : : . 0 : . 01 . : . 0.0 (T T———
0 20 40 60 0 20 40 60 0 20 40 G0 20 40
Centrality (%) Centrality (%) Centrality (%) Centrality (%)
0.08 -
1.2 1 .
= 1.0/ — 0.06 1 Comparison of UrQMD
v 0.020 1
o} & and SMASH afterburner
0.8 1 () > 0.04 1
é t““s‘\\. 0.015
0.5 1 0.02 4
g > d0 0 0 20 P -y i o 4k 60 JETSCAPE collaboration,

Centrality (%) Centrality (%) Centrality (%) Phys.Rev.C 103 (2021) 5

JETSCAPE summer school from July 25-August 5 2022
https://indico.cern.ch/event/1162218/
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Initial State Interface




Sources of Fluctuations

Density profiles are not smooth, but

there are local peaks in transverse and =y

ongitudinal direction >3 |
3%
> 1

b=2.4 fm

Impact parameter fluctuations within “ol ¢
one specific centrality class, multiplicity
fluctuations and difterences in initial
geometry

Event plane rotation with respect to
reaction plane in the laboratory

/00¢ ‘206110 'S2 OHd 'sseg 'V'S pue exeuoN 'O

—> All these effects are averaged out if “ ==+ el
. . ey x [fm] 4“--6‘,.9,_5'-‘6
assuming a smooth symmetric initial
density profile

J.Steinheimer et al., PRC 77,034901,2008

Included in dynamical models of the initial state (e.g. a
parton cascade, NEXUS/EPQOS, UrQMD) or in Glauber or
CGC Monte Carlo approaches
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Initial Conditions from Dynamical Approaches

The initial THvfor hydrodynamics has to be given via:

e(z,y,2), p(r,y, 2) and n(x,y, 2)

Energy deposition model needs to describe final dET/dy N p-p

and A-
Granu

A correctly
arity is influenced by

S

Distribution of binary collisions
nteraction mechanism
Degree of thermalization

nape of the incoming nuclel

Ditferences in shape and fluctuations need to be quantitied
— Challenge: How is local equilibrium reached so tast?
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What is Usually Done”

To calculate the energy-momentum tensor and four-current
from particles a smearing kernel (Gaussian) is used:

T = 2R ”’ PR (r i, p)

o 7 p'
gioar) = Z o —K(r —r;,p)

Assuming that the resultmg tensor has the form for relativistic
ideal tluid dynamics, the following equations are solved

teratively o — (e 4 ) A
= (e+p)y" —p
TV = (e + p)v°
JB—”"‘.

P = PEoS (n: 6)

The other option: Solve the eigenvalue problem and
decompose the tensor in the Landau frame
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Different Approaches

Modecl Initial condition llydro Switching Smearing Cietting
g - . e

criterion kernel teal
UrQND UrQMD ideal 34+11. toam [fm/fe] = Gaussiarn T 45Y
hybrid [12] cascade SIIASTA maz (2R v,." ;‘:zi .1.0) z-contracted
Skokov-Toneev  Quark-Gluon- ideal 3+11). torar such not. THO 40
hybrid [13] String-Model SIIASTA that S/Qp — const  mentioned
LLPOS [15] Strings (Regge-  ideal 341D T Caussian Landau frame

NeXSDPPheRTO
hybrid [16, 17]

GGale et al [19]
Karpenko
hybrid [20]

Pang et al
hybrid [21]

Gribov model)

s

Strings (Regoe-
Cribov model)

[P-glasma
UrQND
cascade

ANMPT

ideal 3411).
SP1I

viscous 3+11).

MUSIC

viscous 3+1D

ideal 3+1D.
SIIASTA

T =1 fm [1§]

T =0.2fm/c

(\/-‘*-’N N = 2.76 TE’\:)

Tgeom

v-contracled

(zaussian in
r, Yy T

not
mentioned

raussialn with
o1 and oy

(Gaussian with
oy and oy

l.andau frame

l.andau frame

el 0
T,

rpel o
l#'l, J)

D. Oliinychenko and HP, Phys.Rev.C 93 (2016) 3, 034905
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Coarse-Grained UrQMD

1. Several thousands Au+Au collisions at Ejap = 5-160
AGeV beam energy and different centralities

2. Calculate Tvv on a space-time grid
3. Transform to the Landau rest frame

Investigate locally two measures of isotropization:
— Pressure anisotropy:

T 711 1 T'22 1 733
L L L

— Off-diagonality: 3(|T22| + |T2] + |T22))
Y = ' = —=
TN+ T2+ T

X,Y < 0.3 — viscous hydrodynamics applicable

< 1

D. Oliinychenko and HP, Phys.Rev.C 93 (2016) 3, 034905
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Time Evolution

0.1 0.2

Flao = 80A GeV, b=6 fm, pressure Ll Lss UM
anisotropy 3 _
After initial collisions anisotropy 2 | — iamicom
develops minimum over a large glf

'eglon In space :

_ater stages: Rise due to - |

‘esonance decays 025 5. 10 12.5 15

0 t [fm/c]
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Number of Events

100 P—— :_, | I — ¥ ™ r—— T L — ¥ | I 100 — .E T p— L | ———— — ¥ ™ ¥ —— —
' Number of events '
. = 1 ! .
80F = 10 - 80
-t i, = 100 | =
M o
o [ = 1000 S
[ = 10000
Vor w geometrical time] V
o) o
© ©
O D
< -
e @
S 2
20) 2
O N
0

In single events only small amount of the area is isotropic
Off-diagonality is small in more than 80 % of area
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Centrality Dependence

|sotropization time deviates from geometrical overlap criterion
for higher beam energies

- —a— ., = 54GeV
’/" 10 | - D', = 104 GeV
| 5AGeY 4 b, = 204 GeV
ST : —+  Ey, = 404 GeV
—  E,, = 804 GeV L
— | 204 GeV e
0'6h , Q
= | 404 GeV P
z ks
o 804 GeV e
o o
SAr s
! . yd
_ 160A (_1e\f/’ —- t=2R (Eub‘IZm\)
2t S —— b=0fm
yd = b=6fm
i //' - h=9fm
»//
O' 2 1 2 | . 1 . ) 1 2 1 : N 2'5
0 (J.1 0.6 0.7

(Ejap/2my) "
Centrality dependence is weaker than expected from
geometry to(b) = to(b =0)+ L (1- /1= (b/2R)?)
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L ower Beam Energies

— Aut+Au, Ean=1.23AGeV, b=0-3.3fm
——- AutAu, Egp=3.4AGeV, b=0-3.3fm
—-- Au+Au, E,—8A\GeV, b=0-2.3fm
AU+AU, E = 12AGeY, b=0-3.3tm
. AU+AU, Ve =7.7GeV, b=0-3.3fr

q—
™M
o
3
- 0.8
—
O —
q\] ™
N T
= = 0.6
>
[ Q
CUB =
LL =
T c 0.4
o
2 3
S @
R (1 -
c 0.2
©
=
[@))]
~
@)

M~
Y
izl )
0.0 —4 =R
5

15

20 25 30 35 40
t [fm]

o o o o -y
. * o ) =

( 4D volume constrained )/[ 4D volume system )
Q
=

% *
we™ 2ZAGeY, be0-1.2fm
I, Bigu=1.736AGaV, b=0-1.784Im
w=1.58AG2V, b=0-2.44fm
), Ean=1.23AGeV, b=0-3.3Im
w=1.23AGaV, b=3.3-6.6fm
+AU w*=1.23AG2V, 0=6,6-10.4fM
w=3.AAGeV, b=0-3.3fm
, Ean=8AGeV, bw0-3.3fm
), Eup=12AGeV, b=0-33m
+Au, \Sun=7.1GeV, b=0-3.3fm

A 4o
bbg

+ 4+ + + A
bbhg-
ccd m

m M MMM

>»>> >
cCccCc Cc CccC cC
>

& n

Similar equilibration study
was performed at lower
beam energies within
SMASH

Significant fraction of the
system is reaching
X, Y<0.3

Fraction of 4D volume is
00-80% independent of
system size, energy and
centrality of the collision
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https://arxiv.org/abs/2201.05934

Kinetic theory matching..

A lot of effort to gain a better understanding of initial non-
equilibrium stages within classical Yang-Mills calculations

and kinetic theory

Th\"d ro ~ .I. . O flll /’C

o —_— )
TH ( Thydros X)

TrrT ™™ 0.]. .[.lll/(:

‘ 4 |
H 2(:'\ TIL‘;!"]I.':] - 'T[."{"‘)

A —————————————————————-
2R ~ 10fm

J. - -
- -

- o
0S8 -
:_l‘_ "
< 0 N
- ' / o (]
- n/s =016 < 0.62
w4 / 4

O'.

A. Kurkela et al, Phys.Rev.Lett. 122 (2019) 12

Kinetic theory A = 10 se—
kingtic theory A = 25

2

o 2nd order hydro = = =
) . free streaming ====«»
| L et . AT =°

o ! 10

T/ (Amn/s)

Kompost is an example

for linearised kinetic

theory to allow for smoother
transition to hydrodynamics
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Final State Interface




Hypersurface Fmdmg

Cornelius: 3D hypersurface The Buropean PhysicalJournal _ rotune R
N 4 dimensions

Constant energy density

Avoiding holes and double-
counting

Applicable as a subroutine
during hydro run

nput: 16-tuples of spatio-
temporal information

Qutput: Hypersurface
vectors and interpolated , -

. o P. Huovinen, H.P. arXiv: 1206.3371 |
thermOdyﬂam|C q Uaﬂtltles Fortran and Q++ subroutmeg Corpel|us,

implementations of this algorithm in 3D and 4D, are
available at https://karman.physics.purdue.edu/OSCAR
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https://karman.physics.purdue.edu/OSCAR

Negative Contributions

Reference to PRC 78, 2016

Definition:
— Particles outward: ptdo,, > 0
— Particles inward:  ptdo, <0
= Ditferent options:

V' — Account for feedback in hydro

K. Bugaev, Phys Rev Lett. 2003; L. Czernai, Acta Phys. Hung., 2005

— Account eftectively by weights in
tranSpOrt S. Pratt, Phys.Rev. C89 (2014) 2, 024910

— Neglect them and violate
conservation laws

y Systematic study of the size of
a,, - normal 4-vector . . .

u, = (7.7 V) - 4-velocity negative contributions by

1" - temperature comparison to actual transport

it - chemical potential

"positive”

"negative"
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Hypersurface Results

—nergy and net baryon number conservation on
nypersurface

E = / T""do, and B = / nputdoy,.
JT JT

0 : -
where do, 1" 20 gnd dounsu” 20 gpecify the positive
and negative contributions

Results at RHIC for central and mid-central collisions

E [GeV] B
total | pos. | neg. | total poSs. neq. 20
mitial | 5431 93.23
final | 5430 | 5861 | -431 | 92.74 | 97.74 | -5.00 151N
initial | 2327 35.84 —~
final | 2336 | 2455 | -119 | 35.80 | 37.10 | -1.30 £ 0
a N
Dashed lines indicate possible positions of 5 \ p
elements with negative contributions ’ :
0 olses [ RHG
do,u" <0
N L y 15 10 5 0 5 10 15 20
D. Oliinychenko, P. Huovinen and HP, Phys.Rev.C 91 (2015) 2 z (fm)
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Hypersurfaces

|so-energy density hypersurfaces (ec = 0.3 GeV/im3)
represent distributions in temperature

===: 54 GeV == 404 GeV  —— t=]7] —_— S e
—= 104 GeV =—— 804 GeV n -
----- 204 GeV - -- 1604 GeV > | e 34 GeV (b)
L ——— 1 (la\/
: > | - 104 GeV
=] e 204 GeV .
i '-
1
| e 1604 GeV
-
W -
" = .
= A /1
| !y
O : Vo
W[ vV i
v
v/
: 1 : N\
A - o ! e \ -
0.1 0.11 0.12 0.13 0.14 0.15 0.16
D. Oliinychenko, P. Huovinen and HP, Phys.Rev.C 91 (2015) 2 T [GCV]
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Mass Dependence

Rapidity spectra of pions, kaons and protons at Ejap = 40A
GeV central Au+Au collisions

%J— 'COOPC'I‘-FI')’C positive (a) %‘J— 'Coopc'r—Ff)’C'positi\'fc ' (b) 5 — 'Coépc'r-F'rye'pos'iti\'rc o (L’
\'z‘--- Cooper-Frye total 1 <[ Cooper-Frye total | - Cooper-Frye total ‘
==+ particles outward crossings ' ] particles outward crossings - Zl=- particles outward crossings
Z. parti OSSINg Z. ! . Z parti OSSINg

- articles outward - inward = = articles outward - mward articles outward - inward
o P p p
“’. -O [ FO [
. /0 \ © !
o \ g
N / \ 7C Ft
/ \\
4
st /N
/ \ .
o / \‘ s
) s
y \ |
e = S T N V= w— o
3 2 -l 1 2 3 -3 3
y

D. Oliinychenko, P. Huovinen and HP, Phys.Rev.C 91 (2015) 2

Negative contributions are negligible for more massive
particles

— Concentrate on pions in the following
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Energy Dependence

Maximum at Elap~25 AGeV, decreasing at higher energies
Actual particles are always less likely to fly inward

— T T T 10

= (dN/dy)/(dN"/dy) @ |y| < 0.05 _
; < | _ o
c - Cooper-Frye, 104 GeV.
o ===+ Cooper-Fryve, 404 GeV,
oL (0 by particles, 104 GeV

- —® '\? - by particles, 404 GeV |
+ B

Z . —
! "
\ —
% Cooper-I'rye —~,
_ =
wit % by particles £
R
Z
=
N

0' a 1 a 1 . 1 1 ‘\ a 1 a
5 75 0 0.5 1 2 2.5 3
0 25 50 75 100 125 150175 pr [GeV]

E.», [GeV/nucleon]
Negative contributions are larger at small pr

D. Oliinychenko, P. Huovinen and HP, Phys.Rev.C 91 (2015) 2
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Centrality Dependence

Ratio of surface to volume emission varies with centrality

Due to larger relative tflow velocities the negative contributions
are larger in more central events

L [fm/c] ol "= b=01fm : -&- Cooper-Frye, b= 0 fim
N e hb=6fin —= | -#- Cooper-Frye, b = 6 fim _
[ ws= b=12fm ég. - Cooper-Frye,b=12fm .
| t =z ~a E=404 GeV
o .= 0.3 GeV/fim®
+ & | :
Z |
O |}
SN’ .
!
>‘ -
Q :
r R
| Z
(b) 7 E =404 GeV <)
| . /&= 0.3 GeV/ti’ .
‘ S . .
-20 -10 Z [fin] 10 20 3 9 1 1 3 3

D. Oliinychenko, P. Huovinem and HP, Phys.Rev.C 91 (2015) 2
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Sampling Procedure

Each event has specific guantum numbers
— Global conservation laws are fulfilled in UrQMD hybrid

Usually conservation laws are only fulfilled on average

o014 L — alcels, b<3.4
~ | M ——mcde/10. b<34
0.1
00 = .
.
-D L
x  —
L 0.03 B i
T 0% n
b —_—
o
0.4
i fﬁ'ﬂ{ TH_h__r
OQ 1 1 , - :
5200 5300 5400 5500 5400 5700 5800 59C0 4000

Hannah Elfner

Total Fnergy

0.2 T T T I '
[ e B, alicells, b<3.4
ol — CH, allcells, b<3.4 i
- — S, alicells, b<3.4 i

(@ — B, mode/10, b<3.4
0.16 @ — CH, mode/10, b<3.4
- A — S, mode/10, b<3.4

0.14 |

P(Quantum Number)
o

ol

e L
-100 -50 0 50 100 150
Quantum Number
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| ocal Conservation Laws

Micro-canonical sampler is publicly available

Single-particle observables are not sensitive, but
correlations and fluctuations are

Sensitivity to size of region where conservation applies

10D _ T me g ] . ) :
' ¢ el |°T_ 130 MC.\" ] : --= standard Cooper-Frye | sampled correlaions
! ¢ cellZ, T— 165 MeV [ — analylical 1 "% — siendardC ocper-Fryce
[ == = cell3T=175Mev] | b sampled ' ' '4
= starland !
1k = - - Cooper-Fryc s | ol
, - - o | .
== [ -
Z | - - = | e 1 D.05f
- N 1 -
S —»- ol -
>~ E T
, - S - —0.1
7
-—
— (0.3
: 2 . ] :
O1F 3 | .5 ,
- (a) - | (b) | Z . (€ |
N M ' M N U 7 1 1 | | 1 3 de s 4 2 _ ) ) ) ) - )
- pr— ‘ . -+ p—— o G ‘),l\ ‘:t ,K 7[ . ’ ‘ s‘\‘ q[\ ’ \:t 'l
T K v o5 A = O T K n » A = O (nK) @ K) @p) A 0K) ()

Gk Ok G, 6|-' Gk G,
D. Oliinychenko, V. Koch, Phys.Rev.Lett. 123 (2019) 18

Extra: Include spectral functions in sampling process
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SMASH-VHLLE Hybrid Approach




SMASH-VHLLE Hybrid Approach

Modular hybrid approach  EVESE
for intermediate and high Hadronic transport approach
energy ﬁeavy—ion Initial conditions

collisions VHLLE t

Open source and public 3+1 D viscous hydrodynamics

https://aithub.com/smash-

transport/smash-vhlle-hybrid

(event-by-event)

Cornelius routine for hypersurface
+

smash-hadron-sampler

Cooper-Frye sampler
Particlization of fluid elements

A. Schafer et al., arXiv: 2112.08724 -

Weil et al.: PRC 94 (2016) SMASH

DOI: 10.5281/zenodo.3484711 :

Huovinen et al.: Eur. Phys. J A 48 (2012) Hadronic transport approach
Karpenko et al.: PRC 91, 064901 (2015) : : :
Karpenko et al.: Comput. Phys. Commun. 185 (2014) Evolution of hadronic rescattermg

Hannah Elfner
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https://github.com/smash-transport/smash-vhlle-hybrid

Initial Conditions from SMASH

A. Schafer, PhD thesis

1: ————————— Nuclel are initialised
moTlce . vecer4ce according to Woods-
14 - e V5= 88GeV e Vs= 130.0GeV :
12] o vE=13Gev e vs=2000Gev o Saxon profiles
0 I , Propagation and
2 v oy collisions until full
4- overlap time ;. x
2 - A T = L
0-5% cantrality 2
0 . . . . . d \/( SNN) _1
—15 —10 -5 0 5 10 15 2my

Z [fm]

Full energy-momentum tensor and charge distributions (B,
S, Q) at constant T hypersurface
—luctuations from nucleon positions and initial collisions

Particles are smeared with Gaussian distributions
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VHLLE

3+1 dimensional viscous hydrodynamic evolution
Shear (and bulk) viscosity are included

0,T" =0 0J' =0 i=B0,S
Equation of state from chiral model (update in progress)
Karpenko et al.; PRC 91, 064901 (2015) J. Steinheimer, S. Schramm and H. Stdcker, J.Phys.G 38 (2011)

Karpenko et al.: Comput. Phys. Commun. 185 (2014)

For correct mapping of .

degrees of freedom on

hypersurface the SMASH .

hadron gas equation of >

state is used >

(e,ne,nq)—(T,0,UB,UQ,Us) " — SMASnI-I|3e=/'Ir']4Q=ns=0.l.i|:tr2(_il33e/T4

o B 2'/ A S
"T150 200 250 300 350 400
T [MeV]
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Cooper-Frye Particlization

Constant energy density hypersurface of ~2-5%¢g is
constructed

All SMASH hadron species are sampled according to
thermal distribution functions (with 6t correction for shear
viscosity according to Grad 14 moment)

0.175 - LAY Work In progress:
01507 Sampling according
S 01 to micro canonical
Y 0.100 -
2 oo ensemble
" 0.050 1 — Cleymans et al. Local conservation of
0025 \mmaane quantum numbers
0.000 T T important for charge
ug [GeV] correlation observables

D. Oliinychenko, V. Koch, PRL 123 (2019)
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Hadronic Rescattering

Final state rescattering and resonance decays are handled
within the hadronic transport approach SMASH

Depending on switching transition a significant amount of
elliptic tlow is still generated

charged hadrons v in collisions
at 20-30% centrality, c. = 0.5

: Before Hyd triv/i '
£0.06- — Without Rescatering Non-trivial interplay of |
€ — With Rescattering transport and hydrodynamic
S 0 oa. evolution at low and
g intermediate beam energies
30.02.‘ Dynamical initial conditions
CO are work in progress
000 20 30 4o
sy [GeV] N. Gotz, QM 2022
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Particle Spectra

90 120 200
A_u + Au === SMASH + VHLLE Au + Au m== SMASH + VHLLE Pb + Pb A e SMASH + VHLLE
7 ng’/_c:;?tg‘lai\tly = Pure SMASH VS = 7.7 Gev — = Pure SMASH 175{ VS =17.3 GeV A — = Pure SMASH
=27/ 100 1 0-5% centralit - i —
70 - A E€E66 data ° n 1ty A A STAR data 0-5% centrality Z A A NA49 data
— T — T 150 A -
60 - p 80 - p
> — K~ > —_— K - 125 A —_— k-
'Q 50 - N o) yo)
= ~ 60 - = 100 A
40 - = =
© © © 75 -
30 A 40 A
20 - 50 4
// ,
10 A 25 A s :
0 I 0 i = T -I-_——I T T T T =
-4 3 4 -4 -3 -2 -1 0 1 2 3 4
_ y
o~ — o
L, 10 T 100 T 100
QO 103 0-5% centralit T Pure SMASH 5] 3 ] VS =7.7 GeV - pure SMASH v ] Vs =17.3 GeV  — - pyre SMASH
>~ (] Y A E866 data 9 10° 5 0-5% centrality A STAR dat 9 103 4 0-5% centrality A NA29 dat
o ° ] ata E ata
I 102 Z <I:I> 102 - <I:I>
= —_ K- > ] - 102 4
> > ] >
T 10! T 10! - ©
|E_ é_ § |E_ 101 ]
T 10 T 10°7 9
= = ] < 100
~ . o 10_1 ] N 10 E
- 10 © O :
o Ly ] = ]
E 10—2 é 10_2 T T T T T T T E 10_1 T T T T T T T
: 0.60 O.|25 0.;50 0.'75 1.'00 1.|25 150 1.'75 >0 ™ 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 — 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
mt - Mo [GeV] mt - Mg [GeV]

mt - Mg [GeV]

Rapidity and transverse mass spectra of pions, kaons,
protons at different energies -> Hybrid approach in decent
agreement with measurements
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Excitation Function

Particle yields at midrapidity are well described over a

large range of beam energies

A. Schafer et al., arXiv: 2112.08724

1 A exp.data == SMASH + VHLLE 1.24 A STAR?"5% e 1~ == SMASH + VHLLE
103 4 = 11~ = = Pure SMASH ® PHENIX?75% e K- === Pure SMASH
: - m  STAR0-10% o
1.0 A
o
o o
> 10 L 0.8
> —_
3 = 4
pa Q. 0.6 1 1 A
T 10! ~ S S R $_—
—————
0.4 - — — -
7 = .
Au+Au / Pb+Pb
100 3 ’ 0?5% ::lentrality 0.2 I(.:}Ist/oAge/nz?;:::
10? 107 | 101 102
/snn [GeV] vSnn [GeV]
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Mean transverse momentum is also well described by the
nybrid approach (too small in pure SMASH)

More strangeness production and larger radial flow from
nydrodynamics necessary from 4 /sy ~ 10 GeV
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Multiplicity dN/dy

J. Stachel et al, JPCS 509 (2014)

Hannah Elfner
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Particle Yields LHC

Multiplicities can be fitted with thermal model
At LHC the proton y|e|d IS rather low

L IIIIIII
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IIIIIII

I
]

ST L
' H TT-:.'-
Be 2 B B

= Data, ALICE, 0-10%
Statistical model:

—— Fit: T=156 MeV, ;i =0 MeV, V=5380 fm’

..... T=164 MeV, H=1 MeV:

Pb-Pb VS=2.76 TeV
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of heavy-ion collisions




Particle Yields LHC

Multiplicities can be fitted with thermal model - . .

At LHC the proton yield is rather low

- Nt i ; I B 2 — —_—
. Fit: T=156 MeV, u = 0 MeV V=5380 fm : SN 1aE Daly, ALICE, 0-10%: PoroE P i

w
l

| RN R I
Lmm o  mm 8 feé . leeed?tIl 1 ITe
: : 3 ; Clst-_ . H A T T i :

(Data-Fit)/a
L
.

(Data-Fit)/ &
[
ol

J. Stachel et al, JPCS 509 (2014)
=
=
o

o KKKKY% ppAcE o QdiHIA =5 K
Remedied by S-matrix approach
Alternative explanation: Baryon annihilations
Light nuclel are reproduced despite small binding energies
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Multi-Particle Interactions

At high densities multiparticle interactions will become
relevant

PhD thesis, J. Staudenmaier 2021

. ly n°, only elasti llisi y
Dilute System Dense System Ll - R - — o
2 ¢ SMASH-1.8 | v-
2312 8 SMASH-1.7 { &~
J-JZ() ¥“’_ﬂ
- ~1.0-g-= TR A SRR e B B it
e @ ® ... @ ® o Z 0.8} i;
| | =09 .
& ® ® ‘ & @ .‘. @ gz geometric criterion
® ® : @ 0 50 100 150 200 250 300 350 400
® o ' ' ' ' ' ' ' '
® & 3 1A z L4y § SMASH-1.8 |
el =y | .’- 2312} & SMASH-1.7 |
e . . ® . ' il.O----g---Q ------------ S0 Xt TEL TERL TER FEERRIEE TELRRE S RGRLRIIEE TE
jan)
& ® O & 2 0.8}
.. | . @ o |1® 250.6) o NS N v
Z 0 stochastic criterion ooy NN 2 Netor oN (v)
4 -

0 5IO 160 159 260 2I50 360 3I50 460
Particle number, N

w < 37. BB 5z M < N

2<->2, 2<->1, 3<->1, 2<->3 and 5<->2 are implemented

Application to deuteron production and pp annihilation in
the following
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Proton Annihilation at LHC

First implementation of direct back reaction of 5 pions to

p ’O’[Oﬂ—&ﬂ’[l prOton O. Garcia-Montero et al., arXiv:2107.08812
Alternative treatment via intermediate resonances

SMASH-2.0.1-110-g058c42463 SMASH-2.0.1-109-g3ba43b2b7
100 S p(+p) —— P
—— r[—
0 Res. treatment
— I
80 - 00 T=0.155 GeV
. V=(10 fm)3
—— p -
604 Stoch. treatment | hy
= T=0.155 GeV —— — P
V=(10 fm)3
401 103 4
- 20 - 1 >
p-(_'-p) —TT eSS re——— Ei - —— R n—no(_)p— .><. —
20 - — T £15- ) | 2102—: ntp~ eh
0 " 5mepp — >« -
—-— Analytic / j hp® e pp
5
0 : : : : : : : : : : :
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 0 10 20 30 40 50
t (fm) t (fm)

Stochastic rates agree with the rate equation results
Detailed balance is fultilled in infinite hadronic matter
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syste
Resu

Time Evolution

Results at lower beam energies
are not affected, since there are
only few anti-baryons in the

il

ts from resonance

approach (open symbols) and
stochastic rates (lines) agree
surprisingly well

Backreaction restores about 50%
of the annihilated proton yield

Hadronic rescattering affects
proton yields

O. Garcia-Montero et al., arXiv:2107.08812
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Fraction of Backreaction

102 5
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10_1'E
10-2
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)
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Independent of beam energy and centrality the
backreaction happens in ~20% of the cases o5m-> pp

pp annihilations can serve as a proxy for BB annihilations
In general
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Deuteron Production

Deuterons and their cross-sections are implemented in SMASH
During rescattering at LHC interactions with pions dominate

................... ]0- —Tr—r—r—r—T T
, SMASH ' : _
anok nd total ——  total | . *  hydro + aftcrburner
e e ¢ -G oy ——  adomnp S ALICE, PbPb, 0-10%
n e AL = | ‘ i + _
| Arndt et al.| 8 , ¢
. 2 nd elastic elastic — |
300 | nd—pp —  ad—pp ,8 ' s 1| e
— | —~ Of 48 . .
Re) w !
= O | ¢ { |
— T L
o - 4k 4 + N
:.I I ¢ 0+ +
[ | [s]
_ M | . H + +
100 " 2F e -
0 ........................
3 0 0.5 1 1.5 2 2.5

pr/A [GeV]
Full microscopic non-equilibrium evolution in contrast to statistical
production or coalescence approaches
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Centrality Dependence
Centrality dependence agrees well with ALICE data

D. Oliinychenko, L.-G. Pang, HE, V. Koch, MDPI Proc. 10, 2019 and PRC 99, 2019

Y T T T T ‘,; T v T N ' N ()S ’ _ - r
ok Pb+Pb, 2.76 TeV ] | PbPb, 0-10%, Vs = 2.76 TeV, |y| < |
60-80% - — . default
v 40-60% 9 F O\ == 2. 3x excessof d
60 AAL t ' . D 06F — A i
AN 20-40%, - ’ 3. no d from I-wy.(lml
- 10-20% g.. 4. no B.B.ann.l}nlalum- |
= 1 SSOSINE =~ . 5. Particlization at 165 MeV.
y 0-10% | :E’ 0.4k i
'_ w1 afterburner N -
" 11/ Vo only decays = [ Sm—
QL ‘,' .'f" ; :m' .‘-..'__..--" -
I el | g - i S 02 f — =
— s S >, L MIE o
~ L == ! LJ’ "3 o~ dN d» | (._\v _.2)
m / . // ‘
i /'/ 1»J l [ / ;’} +'*‘ i h /,/
2 » ".,.;" }*/V{j{_ 100 3 == — 3
10 F <11y Lot ,P/}’ ;“,rrﬁ' f - = OF // —— fraction of total energy 3
e L%’%ﬁf‘ﬂ'e’.é'tiii?fh b . S 22 '// in the afterburner F
renr ¥ 8 7 08 25 S U 25F E
0 A 1 " 1 A L A 1 . 1 . 0 S S [ P I SR
0 0.5 1 1.5 2 2.5 3 0 20 40 60 80 100

t [fm/c]
The amount of deuterons on the hyper surface does not
matter for the final yields
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Deuterons at Low Beam Energies

Direct 3<->2 reaction lead to even faster equilibration

Implemented reactions
D g fd rd < znp Nd < Nnp
| dxs ' nd < NN Nd < Nnp
T i At s s Sy .
N ARR R XAkAAS +elastic channels
/
7,30+ g . " (Q)  swsizon 0-10 %, ly| < 0.5
i ,’I T d —— with d at particlization —— 3-to-2
/ " 2.007 ——- without d at particlization —— 2-to-2
20 —  analytic, 22 Q175
,l' -—— analytic 32 | f:_f 1.501 — _ —
,' ¢ SMASH stochastic 32 S Ll N
10 ¢ SMASH geometric 252 - = i
%  SMASH stochastic 22 | e
Qors{ 1/
oL g ,’ II
0 5 10 15 20 c O°° i oan
t [fm/c] 0-23° ,jll NA49
0002 20 40 60 80 100
J. Staudenmaier et al, PRC104, 2021 t [fm/cl

Pertect match to rate equation results in a box
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Hottest Matter in World

Temperature from photon spectra arXiv:1401.2481
g WETTTTT T T T T T T ]
3 10° 0-40% Pb-Pb, |5y = 2.76 TeV
|5 10 ALICE
% 'g:_ ) + D rect phOtOl"IS FRILIMINHRY

% —— Direct photon NLO for u = 0.5tc 2.0 o_ (scalec pg)
F? 107 —— Exponential fit: A x exp(-p_T), T = 304+ 51 pay
'13"’
107
1ot
10°
17°
10— [T S N T N TR RO SN A T SO T (N T T R (N T T
0 2 4 6 8 10 12 14

p, (GeVic)

This is worth an entry in the Guinness book of records
~3000 times as hot as the inner core of the sun

Photons are emitted throughout all stages and do not
Interact strongly
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Photons

Perturbative photon production in hadronic scatte tlﬂv%g,%ys A1 (2004)
pions and P Mesons

Cross-sections calculated within effective field theory

— 1077 3 -4
N ’:: T = 150 MeV Theoretical Expectation <|'r_' 1073 T = 150 MeV Theoretical Expectation
E 10_5_; ‘\‘ se= 1+ 1> p%+ y(6a) E 10_5_: — 0+ p% 5 10 + y (6f)
= = M+ > p + y(6b) Y— — T+ p-> w- 1+ y(69)
T 10-6 —— M+ p%> 1 + y (60) Vg6 ] M+ p o wom+ y(6h)
> E n®+ p -+ y(6d) > —_—
) B — T+ p - 10+ y(6€) v ' //—':'\
9 107 2 1077 5 '/, \\\'\
i/ A
<o 1078 ’ S
ol ! \Z\\
W g0 1L S
1 (6f) + 0 === (6g) + 1 (6h) + 2
T|S 3+
2s —
n g ———————
] e — e e

Rates in thermal box nicely reproduced A schafer et al, PRD 99 (2019)
Bremsstrahlung from mesonic processes has been added
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Photon Emission Hadronic Stage

Photon production from

MUSIC+SMASH at
RHIC and LHC energies

Direct photons from
nadronic scatterings
and bremsstrahlung are
consistently
implemented

Total elliptic tlow is
affected by photons
emitted from the
hadronic rescattering

A. Schéafer et al., PRC 105 (2022)
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summary

Hybrid approaches based on relativistic hydrodynamics and
hadron transport provide realistic dynamical description

Over the last ~20 years hybrid approaches have become more
and more sophisticated

State-of-the-art is 3+1 D viscous hydrodynamics with hadronic
transport for final rescattering and varying initial conditions

Interfaces are crucial to understand sensitivities
Initial non-equilibrium evolution needs further investigations
Final state matching on Cooper-Frye hypersurtace

SMASH-vHLLE hybrid approach is publicly available

Hadronic rescattering matters at RHIC and LHC for particle
spectra, mass ordering of elliptic flow, proton yields, light nuclei
production and direct photon flow

Many Bayesian analysis are applied based on hybrid approaches
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Questions

What are the boundary conditions for hydrodynamics”

What are the advantages and disadvantages of
hydrodynamics and transport?

What are negative contributions on the Cooper-Frye
hypersurtace and how can one deal with them?

How is hydrodynamization achieved so fast?

Which conservation laws should be fulfilled in the
dynamical time evolution” Are they”?

What are the main effects of hadronic rescattering in high
energy heavy-ion collisions?

What are the sources of fluctuations in the initial state”

What are the challenges for hybrid approaches at lower
beam energies?
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