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Anisotropic Flow at RHIC-LHC
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Initial eccentricity (and its attendant fluctuations) €, drive

momentum anisotropy v, with specific viscous modulation

Gale, Jeon, et al., Phys. Rev. Lett. 110, 012302
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State-of-the-art modeling of HI collisions

s Data-model comparison via Bayesian inference to optimize

constraining power.
Only a subset observables is used

Model parameters: Observables v.s. centrality

Initial condition N, p,w, k, d
Early time dynamics ¢, €
Transport coefficients 7/s.¢/s
Particlization prescriptions
Switching temperature Ty,

\

m Detailed temperature dependence of viscosity!

Transverse energy

Charged particle multiplicity
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Flow harmonics v, v, ¥4

Charged particle (py) EbE fluctuation
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Major uncertainty: initial condition and pre-hydro phase



Anisotropic Flow at RHIC —
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Anisotropic Flow at RHIC —scaling relations
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- KE;/n,

scaling : hybrid models
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UrQOMD + 3D viscous hydro model vHLLE + UrQMD

lurii Karpenko, Comput. Phys. Commun. 185 (2014),
3016
https://github.com/yukarpenko/vhlle

Initial conditions: model UrQMD
QGP phase: 3D viscous hydro (VHLLE) EOS (XPT)
Hadronic phase: model UrQMD
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A Multi-Phase Transport model (AMPT) for high-
energy nuclear collisions. (v1.26t9b/v2.26t9b)
Initial conditions: model HIJING

QGP phase: Zhang’s parton cascade for modeling
partonic scatterings

Hadronic phase: model ART

ZW. Lin, C. M. Ko, B.A. Li, B. Zhang and S. Pal:
Physical Review C 72, 064901 (2005).



KE;/n, scaling : String/Hadronic Cascade models
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Pure String/Hadronic Cascade models give similar v, signal
compared to STAR data for Au+Au Vs, =4.5 GeV
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Anisotropic flow of particles and anti-particles

: AR RARR RARRN RARRR RARRE RARREN
0.06 025r4p STARData (a) 1
[g F—} Au+Au \CS_NN=1 1.5 GeV, 10-40% ]
02- ;
: S
_ . ]
0.04 vy ST
L » ]
0tF ¢ 0 ]
005 o
0.02 e ]
0-III.I‘\.\‘II‘I\Illl\I\llH\lll\\l-
0 05 1 15 2 25 3
pT[GeWc]
0.00

Yoshitaka Hatta

"0.25]

02

0.1

0.05F

A R AR R ]
VHLLE+UrQMD  (b)

%

115 2 25 3
P, [GeVic]

Analytic approaches to relativistic hydrodynamics
Nuclear Physics A 00 (2018) 1-8
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for a hadron species X with the quantum numbers B, §. / (baryon number, strangeness, isospin). Then the

following ‘master formula’ can be obtained from 171

Avy 27K

2 —
X.ideal — 8 (upB + pusS + pil) .
2

(24)

0 05 1 15 2 25 3

P, [GeVic]



[

Anisotropic Flow at RHIC/LHC is ] PRC 84, 034908 (2011)
acoustic

P. Staig and E. Shuryak.

» U, measurements are sensitive to system shape (&, ), system size (RT) and

. ng )
transport coefficients (S s ) arXiv:1305.3341

» Acoustic ansatz Roy A. Lacey, et al.

v" Sound attenuation in the viscous matter reduces the magnitude of v,,.

» Anisotropic flow attenuation,

Vn —B n2 n i arXiv:1601.06001
£, X e ’ B X s RT RoyA.;acey, et
> From macroscopic entropy considerations S~(RT)> an
dn PRC 88, 044915 (2013)
-1 E. Shuryak and I.
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Acoustic Scaling — System size
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v Characteristic 1/(RT) viscous damping validated
v Viscous damping supersedes the influence of
eccentricity for “small” systems
v Important constraint forn/s & {/s
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( Acoustic Scaling — \
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Acoustic Flow — Expected Shape Response
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Acoustic Flow — Expected Shape Response
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Flow is acoustic STAR, Phys. Rev. Lett. 122 (2019) 172301

AL B LA L LA T
Vi _@n2 0.30- Zuf 1
= o e hn, I 7 b * {4 |
£ 0.25- 7 1 o
47 f) 1 o %. e [~ - I
X |\=—+=) == 201 ' Fook »» & 2 2 2 0H

B (35+s RT o 020 ﬁ.ig Erg & % % F3
@ I Eﬁ “osf @ 2 £ 2 1]
| L ¥ g R S S R B mrara

015 &,
U+U i SE@,
| AutAy == "'%h@ ]
CotAur€~ W,
(N_;,) dependence of 010  Cortn ran 8, i
Y2 i 1 E dtAu A o
- for severa systems = ptAuees AT, E
2 = 3
i T T N S S N T I T TR TR T N N I S S TR T T T N 17
0.1 0.2 13 03 0.4
< Nch> |

v Characteristic 1/(RT) viscous damping validated
v Viscous damping supersedes the influence of
eccentricity for “small” systems

v" Similar slopes imply similar E

15



Beam energy dependence of V,
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Beam energy dependence of V,

1/n
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V, shows a monotonic increase with beam energy. The viscous
coefficient, which encodes the transport coefficient (»/s), indicates a
non-monotonic behavior as a function of beam energy. 17
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2022: Nuclear structure via V,, ratio
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Phys.Rev.C 105 (2022) 1, 014901 » e-Print: 2109.00131

The V,, ratio for isobars — not affected by final state —is a
good tool for precision studies of nuclear shapes.
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l Anisotropic flow at NICA energies
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* Make predictions for the anisotropic flow measurements v, (pr,y) at BM@N
(v/Syn=2.3-3.3 GeV) and MPD (y/syny=4-11 GeV) energies 3



Beam Energy Dependence of Elliptic Flow (v,)

EPJ Web Conf. 204 (2019) 03009

Phys. Rev. C 97, 064913 (2018)
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Excitation function of differential elliptic flow

EPJ Web Conf. 204 (2019) 03009
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V1234(pT) Au+Au \VSNN= 2.4-45 GeV: BM@N+MPD
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Flow at AGS: Constraints for the Hadronic EOS

Danielewicz, Lacey, Lynch, Science 298 (2002) 1592-1596
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Sensitivity of Au+Au collisions to the symmetric nuclear matter equation of state
at 2—5 nuclear saturation densities

Dmytro Oliin}rchcnko,l’ Agnieszka Sorensen.}L Volker Koch,? and Larry McLerran!

L Institute for Nuclear Theory, University of Washington, Box 351550, Seattle, Washington 98195, USA
? Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720, USA
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Summary and outlook

v, at NICA energies shows strong energy dependence:

>

>

>

At \/SNN=4.5 GeV v, from UrQMD, SMASH are in a good agreement with the experimental data
At \/SNNZ7.7 GeV UrQMD, SMASH underestimate v, — need hybrid models with QGP phase
Detailed JAM model calculations for differential measurements of v, at Vs, = 2.4-4.5 GeV

v, from cumulants of different orders
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v1(y) in Au+A
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Experimental data points were taken from:
Mohamed Abdallah et al. [STAR Collaboration]
2108.00908 [nucl-ex]

JAM does not describe all particle species equally well
v, of pions is most sensitive to different EOS
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