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Heavy-ion collisions

» Hot and dense created matter undergoes explosive
expansion — the Little Bang

» Large initial orbital angular momentum is partially
transferred to the medium, what leads to the
non-vanishing averaged vorticity:

L — (w)=(rotv)

» The vorticity is a source of the global particle polarization

F. Becattini, V. Chandra, L. Del Zanna, and E. Grossi,
Annals Phys. 338 (2013)
F. Becattini, M.A. Lisa, Annu. Rev. Nucl. Part. Sci. 70 (2020)

» The vorticity field may have intricate space structure

P Femto-vortex sheets:
M.I. Baznat, K.K. Gudima, A.S. Sorin, and O.V. Teryaev,
Phys. Rev. C 93 (2016)

> Vortex rings:
Yu.B. Ivanov, A.A. Soldatov, Phys. Rev. C 97 (2018)



Global A and A polarization and vorticity

» The A and A are the self-analyzing particles: due to P-violation in weak decays, the angular
distribution of final protons depends on the orientation of the A-hyperon spin

» In the hyperon rest frame, the decay

product distribution is

Pa
dN 1 0 P
Joosd — 5(1 + ap|Pu| cos ) 4

ay = —ax =0.7324+0.014 7

» The rough estimate of vorticity (STAR):

WSTAR A2 <I<B?T(fA +f]\)>

~ 1022 571

V/SNN

The fastest-rotating fluid?

pulsar PSR J1748-2446ad

w~5x103s71

superfluid He II nanodroplets

w~ 107571

» The experimental data of global A and A polarization
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L. Adamczyk et al., Nature 548 (2017)
R.A.Yassine et al. (HADES Coll.), Phys.Lett.B 835 (2022)



The setup

» The PHSD transport model as a
heavy-ion collisions framework:
Kadanoff-Baym equations, DQPM,
FRITIOF Lund, Chiral Symmetry
Restoration, ...

W. Cassing, E.L. Bratkovskaya,
Phys. Rev. C 78 (2008)
Nucl. Phys. A 831 (2009)

Good description of a large number of
experimental observables

O. Linnyk, E.L. Bratkovskaya, W .Cassing,
Prog. Part. Nucl. Phys. 87 (2016)

The simulations are performed on the
Govorun supercomputer at JINR

» The PHSD performance
20—
r 1+ 15
F AT L I ]
15[ 7 b -

o - —HL -
_~ g iF Jd10
= f 1F ]

o 10 O STAR, AuAu |[ ]
=z r ONA49, PbPb | {f ]
ko] - A E891, AuAu | 4 —0.5
S ¢ E896, AuAu | [ 1
N 2 E917, AuAu | 1} E
oL 1 1 | YA '00
T | T T T T | T T T :l T I T T T T I T T l: :
AT G ° ]

o [ |3 H10*

I - 4E E
> i 1 ]
%\ [ ]

107 3
Zf 3 H107?
© r 1E E

1072 P T | < A SR RS- /(O

5 10
\swn [GeV]

10
eV]

5
VS [G



The fluidization procedure

» Transition from kinetic to hydrodynamic description via fluidization procedure:

T () = =3 PLOPLO lﬂ ® (x,x,, (1)), N = / B (x,x:(8)) dPx.
N a,ig pl
pil . .
JE (x,t) =V Z i g“ (x,x;, (1)), ® (x,x;(t)) — smearing function,
u, T =eu”, ng = u,Jg, — EoS — Temperature(e, ng)

» Equation of State: Hadron resonance gas
L.M. Satarov, M.N. Dmitriev, and I.N. Mishustin, Phys. Atom. Nucl. 72 (2009)

» The fluidization criterion: fluidize only cells with € > 0.05 GeV/me!

> Spectators separation: spectators move with approximately beam rapidity |[y| — yp| < 0.27
Spectators do not form fluid!



Velocity and vorticity fields

AUAU@7.7GeV, b=7.5fm, t= 5.0fm/c
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Hydrodynamic velocity field
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WSTAR ~ 10251~ 6.6 MeV/h

AUAU@7.7GeV, b=7.5fm, t= 5.0fm/c
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Vorticity, MeV
Hydrodynamic vorticity field
w =r1otv
for clarity draw only |w| > 5MeV/h
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Velocity and vorticity fields

AUAU@7.7GeV, Db=7.5fm, t= 9.0fm/c
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Velocity and vorticity fields

AUAU@7.7GeV, b=7.5fm, 1=11.0fm/c
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Velocity and vorticity fields

AUAU@7.7GeV, b=7.5fm, 1=13.0fm/c
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Vortex rings in nature and PHSD
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Polarization of particles with spin in vorticity field

> The thermodynamic approach » Interaction/production point
F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, 3
Annals Phys. 338 (2013) e No "Medium”: ¢ < 0.05GeV/fm
Relativistic thermal vorticity: = No thermal vorticity —w, =0
1 Uy, Elastic or inelastic process:
W = = (0,8, — 0uBy), B =— . . )
e Y "Medium”: particle is polarized
Spin vector: No "Medium”: zero polarization
s(s+1
St(x,p) = — (6—;1 )(1 + n(x,p))e"* M w,\ps Strong decays:
s A+wm, Z*oE+T
s — spin, ps — 4 momentum of particle spin transfer Cy y+ = Cz=- = 1/3
Polarization: P = S* /s S —ChuS
S* spin vector in rest frame Daughter — D P OParent
> Our statements > A, X0, =, Q are stable in PHSD

e Hydro velocity e No spectators



The A and A polarization o _2'0-5'0%' 0.4GeVic<py<3GeVic lyl<t
o STAR A
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» The polarization of A hyperons agrees with experimental data, except low
energies /syy < 3 GeV. The maximum of the A polarization at /syy =~ 4 GeV

» The polarization of A larger in 1.5 — 2 times than A.
At /syn > 11.5 GeV agrees with experimental data, but at /syy < 7.7 GeV less



dN
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Hydrodynamic helicity

» The axial vortex effect: polarization due to the helicity [A. Sorin, O. Teryaev, Phys. Rev. C 95 (2017)]

» The helicity separation effect [M. Baznat, O. Teryaev, A. Sorin, K. Gudima, Phys. Rev. C 88 (2013)]
The hydrodynamic helicity density: h= (v -w) . h(x.y) = [h(x,y,z)dz
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Conclusions

» The fireball velocity consists of the irrotational a (2+1)D Hubble-like part and
rotational part with maximum vorticity at the edges of the system.

> We observe a formation and decay of the two deformed elliptical vortex rings,
moving and rotating in opposite directions along z-axis. The ring deformation
depends on the impact parameter of the collision.

» We observe the hydrodynamic helicity separation effect. Zones with negative
and positive helicities can be probed by selection of A’s and A’s with positive
and negative p,.

» The polarization of the A hyperons agrees with experimental data, except low
energies \/syy < 3 GeV. The maximum of the A polarization at \/syy ~ 4 GeV.
The polarization of A larger in 1.5 — 2 times than A. It agrees with
experimental data at \/syy = 11.5 GeV, but is less at \/syy = 7.7 GeV.

Strong polarization suppression is caused by the feed-down from %° and %°
hyperons.
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Angular momentum transfer
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Velocity profiles
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Hubble parameters

T T T L
0.12 | (a) A
0.09 |- B
€
u“—
S,
S 0.06 g
Au+Au b=7.5fm
0.03 |-
4.5GeV 7.7 GeV 11.5 GeV
A 2=0.0 fm
— A= — @— — B— z=1.0fm
—hA e —— @ = — B —7=20fm
0'00 1 1 1 1
4 6 8 10 12 14
t [fm/c]

a, [c/fm]

(b)

Au+Au b=7.5fm

—a— 4.5 GeV
—a— 7.7 GeV
—e—11.5 GeV

10 12

t [fm/c]

ar, > H ~ 70(km/s)/Mpc = 22.65 x 10~ ¥s71 ~ 7.57 x 10~%’¢/fm



Kinematic vorticity number
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Polarization of different hyperon species
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Rates of hyperon production
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Spectra and yields
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Parton phase
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