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Introduction
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NUCLEAR PHYSICS

The fastest-rotating fluid

A state of matter called a quark-gluon plasma is produced in energetic collisions of heavy ions. The rotation of this plasma
has been measured for the first time, providing insights into the physics of the strong nuclear force. SEE LETTER P.62
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quark-gluon plasma is the fastest rotating fluid.




where does rotation come from?



The global polarization of As and vorticity

- The As 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 al 20-50% 0.4GaVie<pr<3GeVic |yI<1
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Why the polarization for A is higher than A?

How big is the rotation in reality?



The setup

- The PHSD transport model as a heavy-ion collisions framework: Kadanoff-Baym equations
(on-shell and off-shell dynamics, first gradient expansion, test particles ansatz), DQPM (parton phase), FRITIOF
Lund (hard scattering), Chiral Symmetry Restoration (strangeness production), ...
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Transverse momentum spectra
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To find the slopes we fit the distributions with the
blast-wave formula (0.5 < pr < 1.5 GeV):
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For hyperons Tgope Shows weak dependence on the
centrality decreasing by ~ 5 — 15 MeV. For
anti-hyperons a decrease is stronger (by ~ 30 MeV).

The cut |y| < 1 leads to an increase of Tgiope DY
13 — 17 MeV for As and by 30 MeV for =s.



anti-hyperons
decouple from the fireball at an earlier stage than hyperons!



the medium properties.



The fluidization procedure

- The main feature: we investigate the medium properties using a fully microscopic approach!
- Transition from particles to continuous medium via the “continuization” procedure:

T;w Z P, P,a ) (X,Xia (t)) , N = /(I, (X,X,'(t)) d3X,
N py (1)
J5 (X, t) =V ZB,O 0 (X, x;,(t)), @ (x,x(t)) — smearing function,
u, T =eu, ng = u,Jh, —  EoS? — Temperature(e, ng)

- The fluidization criterion: Participants e

only cells with € > ¢ =~ 0.05 GeV/fm

- The spectators separation:
spectators do not interact and do not form a fluid!

%Hadron resonance gas: L.M. Satarov, M.N. Dmitriev, and I.N. Mishustin, Phys. Atom. Nucl. 72 (2009)
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The velocity and vorticity fields for BiBi@9.0GeV, b=8.5fm

10 < t= 9fm/c vicl,g 0 t=11fm/c viel

- The fireball velocity v
consists of the irrotational
Hubble part and a small
admixture leading to the
vorticity w =V x v.

T
X [fm

- Two deformed elliptical
vortex rings move and
rotate in opposite directions
along the collision axis.
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- The ring deformation
depends on the impact
parameter.
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- The vorticity magnitude reaches ~ 80 MeV/h ~ 10%* s~ in dynamics!




But vorticity is a , S0 how
big is the rotation in reality?



On the ambiguity of the vorticity

- Irrotational vortex:
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The kinematic vorticity number 20, as a measure of rotationality
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- max(Vy) < 1/2 = Poiseuille flow — shear motion, almost irrotational!

- 20, was firstly proposed in C. Truesdell, ). Rational Mech. Anal. 2, 173 (1953). "



The hydrodynamic helicityh = v - w

- The axial vortex effect: polarization due to the helicity  [A. Sorin, 0. Teryaev, Phys. Rev. C 95 (2017)]

- The helicity separation effect [M. Baznat, O. Teryaev, A. Sorin, K. Gudima, Phys. Rev. C 88 (2013)]
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Let’'s move on to



Polarization of particles with spin in a vorticity field

- The thermodynamic approach )
F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, - Our algorithm:

Annals Phys. 338 (2013) 1. At each time step we fluidize the system (excluding

Relativistic thermal vorticity: spec'tators) and calculate vorticity.
1 n Medium: € > e; ~ 0.05GeV/fm? and @, # 0.
Wy = 5(&15;; —0uBy), By = TV out of medium: e < g¢ &~ 0.05GeV/fm3 and @, = 0.
Spi tor- 2. After any collision (elastic or inelastic) particle is
pin vector: 5(5 N 1) polarized by . In out of medium the polarization is
SH(x,p) = _G—m(l + n(x, p))e"* w,\ps zero due to wy, = 0.
n(x, p) - distribution function, s - spin, 3. Feed-down: o
m - mass, ps - 4 momentum of particle Strong decays:  I* — A+w, E* 5 E+w ]
are already taken into account in the PHSD dynamic
Spin vector in the particle rest frame: (Cam+ = Cazx = 1/3).
S —§ (S'p)p EWdecays: E—>A+‘7r, Y—->A+7y
== —E(E T m) we consider by hand with Cys0 = —1/3, Cy=z0 = 0.914,
and Cpy=o = 0.943.
Polarization: P=S*/s
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Polarization vs. collision energy

- There is a different polarization for particles
2050%  04GeVic<p,<3GeVic Iyl<1 and antiparticles for all the hyperon species.
?

41+ The polarization of all the hyperon kinds
% decreases with an energy increase for
5

VSwn > 3 — 5 GeV.
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/Sy ~ 4 GeV.

- The following polarization hierarchy holds for the energy range /Syy = 3.5 — 11.5 GeV:

szX>PfO >PA>PEO>PE.
18



Py [%]

Polarization vs. centrality
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There is a different polarization for
particles and antiparticles for all the
hyperon species.

The polarization increases with an
centrality class increase (up to

60 — 70%) and then decreases for all
the hyperon species. Is is also an
experimental trend!

The cuts increase polarization for
hyperons, but not for anti-hyperons!

The feed-down contribution decreases
the total polarization of A and A by
=< 30%. The contamination mostly

=0
comes from X% and ! .
1



The feed-down and A — ¥ ambiguity

- The filled area reflects uncertainty between ratio of A and X. The limiting case, where all Xs
are considered as As, is depicted via a dash-dotted line.

20-50% 0.4G'eV/c<pT<rseeV/'c lyl<1
8r 4 . i i
o |sTAR: A The pglar|zat|on of A hyperons agree?s with
o STAR: “A experimental data, except low energies. The
) " HADES: A PHSD izt Ai ' _9¢
26 I . Co vk polarization of A is larger in 1.5 — 2 times than A.
o It feed-down .+ 150ks more attractive to consider the global
'§ 4 polarization of = hyperons, which experimentally
s i 1 could be clearly identified and would carry direct
° information about the spin polarization of the
a,l fireball.
{ - Moreover, a part of = comes from Z* decays and
0 ) carries by factor 5/3 stronger polarization than

0 5 10 15 primary =s.
sui [GeV]
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In fact,
which results in different polarization
between particles and anti-particles!



a source of the difference?



Particle distributions at the moment of its last interaction
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- Different thermodynamic conditions for particles and anti-particles — different polarization! .



Can we find mechanism?



Can we find mechanism?



Can we find mechanism?

Let's look at of polarization.



The angular dependence of the hyperon polarization

¢u = atan(py/px)
cos ¢u = Px/Pr

- The highest polarization corresponds to the ST DN ¢ R RS D
particles moving in the same direction as T o aam]| = oo | ] | i s ]| = e arom] ]
the projectile (target), which are mostly born L G . R

cos (DH cos (PH
from the matter of the projectile (target)!

w0 t= 11fm/c w [MeV/R]

. . . . <4 r60)
- We can increase the polarization signal by

selecting particles by angle and momentum.

- The imprint of the vorticity mechanism is
the angular dependence of the polarization!




Conclusions

- We compare the yields and spectra received within PHSD with experimental data. There is a good correspondence.
- The spectra suggest that anti-hyperons decouple from the fireball earlier than hyperons.

- We developed a transition from kinetic to hydrodynamic description via fluidization procedure.

- We analyzed the angular momentum transfer from the ions to the medium. The maximum of the transfer for
Au+ Auat/Syy = 4.5 — 11.5 GeV is reached at b ~ 5 fm.

- We observed two deformed elliptic vortex rings. The deformation depends on the impact parameter.

- We analyzed a measure of the rotationality and concluded that the flow is mostly irrotational.

- We observed the helicity separation effect and found that zones with negative and positive helicities can be probed
by selection of As and As with positive and negative py.

- We found that polarization for anti-particles is larger than for particles and the polarization decrease with an energy
increase for all the hyperon species. The most contamination in the feed-down account comes from 3% and 0.

- We observed that the polarization increases with centrality up to 60 — 70% centrality class and then decreases.

- We investigated the polarization sources and confirmed that the anti-hyperons and hyperons have different
thermodynamic conditions at freeze-out, what leads to different polarizations.

- We found that the angular dependence of the polarization is an imprint of the vorticity mechanism. Selecting
particles by angles and the sign of p,, we can increase the polarization signal.

- The vorticity mechanism leads to different polarizations of particles and antiparticles without any additional

assumption of different effects on them. The polarization trends are consistent with the experimental data.
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Backup



Freeze-out time

10° T T T T d =T * \/SN :7.7 GeV
L s

(@) 20:50% 0.4GeV/c<p<3GeVic |y|<1

- There are two main sources of

£
S hyperons and only one of
5 anti-hyperons.
4
= - The freeze-out times relation is
Z f.o. f.o. f.o. f.o.
- b E B R, g~
. o _ \/,// e t(E0) o 4(to) (o) _ 4(fo)
0 10 20 30 40 50 0 10 20 30 40 50 P > ) = =
t,; [fm/c] t,; [fm/c]
particle A A b)) 3 2= = =0 BN Q Q
to) fm/c || 11.36 | 11.09 || 8.25 | 6.67 || 13.69 | 21.97 || 12.85 | 21.47 || 9.33 | 9.14

- There is no direct connection between the freeze-out time and polarization in opposite to

UrQMD (0. Vitiuk, L.V. Bravina, E.E. Zabrodin, PLB803, (2020)).
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In comparison with calculations in , we find a smaller

difference in the mean freeze-out times for A(A) hyperons:

’

whereas the mean time itself is twice as short:

In general, the interacting phase of the nucleus-nucleus
collision last in the UrQMD model longer than in PHSD:



Polarization vs. time of the last interaction
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- There are two main sources of hyperons

and only one of anti-hyperons.

- The following relation holds for both

instantaneous and accumulated
polarizations for t;;, 2 3fm/c:

Py(A) > Py(A).

- The vast amount of As is released with zero polarization due to

rescattering processes occurring in the dilute matter with
vanishing vorticity (~ 10 — 20 fm/c).

- Fort 2 10fm/c the accumulated polarization stays approximately

constant. The instant polarization is not zero due to decays of the

resonances.

- The polarization changes the sign at the moment of full overlap.
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