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Abstract. The interplay between classical vorticity being the main undisputed
source of polarization in heavy-ion collisions (HIC) and quantized vortices is
considered. The vortex tubes emerging in the rotating pionic (super) fluid po-
larize the baryons in their cores and explain the emerging global polarization.
The appearance of vortices in the region separating participants and spectators
in non-central HIC is similar to that for sliding layers of liquid helium. From the
other side, it is also the region where the classical vorticity was earlier found to
be large forming the vortex sheets. The formation of tubes manifests a thresh-
old at certain critical vorticity implying the vanishing polarization at lower ener-
gies. For central HIC the compact jet-like flows may lead to formation of vortex
rings related to local polarization. The P-odd momentum correlations for their
experimental investigation are suggested. The role of shear and viscosity in the
emergence of polarization is discussed.

1 Introduction

Observation of non-vanishing polarization of A(A)-hyperons in heavy ion collisions by the
STAR Collaboration [1] is considered to be one of most remarkable experimental findings of
recent years. The common interpretation nowadays is that spin of the hyperons is aligned with
the rotation of plasma produced in peripheral ion-ion collisions. Moreover, such a prediction
was made prior to the experimental discovery, (see, e.g. [2—4] and references therein) and
explored in some detail after the data appeared [5, 6].

The crucial problem is the transition of rotation to spin which may be realized either
through the thermal equilibration of spin with rotating matter [4, 5] or by the making use
[2, 6] of axial anomaly in effective theory [7] which naturally led to the predicrion of both
polarization decrease with energy [2] and its estimate [3] to be of percent order at several
GeV energy.

The latter approach in confined phase may be realized via the quantum vortices in pionic
supeerfluid [8]. The transition of the rotation to spin happens in the cores of these vortices
via the heavy baryonic degrees of freedom. This process is accompanied by the dissipation
which may be considered as a counterpart if absorptive phases. Such phases are necessary
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for polarization generation and in non-perturbative QCD describing hadronic processes they
are produced by higher twists [9, 10] and Wilson lines [11, 12].

In the present paper we consider the mechanisms of quantized vortices production in the
core-corona border region which was earlier found [13] to produce the femto-vortex sheets
("femto-cyclones") corresponding to classical vorticity.

We relate this phenomenon to the sliding layers in liquid helium considered in classical
textbook by R. Feynman [14].

Passing from layer to the compact (mini) jet we generalize this picture to vortex rings
being the counterpart of classical ones recently suggested to be produced in pA collisions
[15] or by thermalized jets [16].

We suggest the specific spin-monentum correlation to explore such quantized vortex
rings. We will also discuss the role of shear and viscosity in polarization emergence.

2 Sliding layers and quantized vortices

While both theoretical and exprtimental approaches to liquid helium superfluidity explore
the rotating bowl, the situation in HIC is more close to the picture of sliding layers suggested
in Feynman’s textbook ([14], Chapter 11.9). The relative phase between wave functions
of layers results in the extra energy carried by separating surface. It is disappearing in the
points where relative phase is proportional to 2x leading to the appearance of the vortex lines
residing at this boundary and oriented perpendicular to the sliding velocity.

The critical value of this velocity providing the formation of vortices in liquid helium is
[14]:

L (1)
z b
where m is the mass of helium molecule, d is the transverse size of the region occupied by
vortices and L = Ind/a is the logarithmic factor involving this size and "ultraviolate" (UV)
scale provided by interatomic distance a.

For HIC the sliding layers correspond to participant and spectator nucleons while d may
be related to corona region. L may involve the typical proton radius as a UV scale and is
not likely to be large. Assuming the uncertainty relation for d ~ (< pr >)~! (which will
lead to cancellation of 7 for dimensionfull units) one get the estimate for longitudinal pion
momentum p;, = mo:

pL2~<pr>L. @

Due to the small L this value defined by beam energy is close to the average transverse
momentum < pr > of order of 1GeV. This may explain the observed growth of polarization
down to 2.4GeV energy [18]. We may expect that the vortices will not emerge (leading to
polarization nullification) only for even lower energies about 1GeV or so.

As the core-corona region is also the main source of classical vorticity[13], it may be
interesting to compare it to the quantum one (w,) , produced by the vortex. This procedure is
possible as soon as pion fluid viscosity is small albeit different from zero. The expression for
critical velocity (1) may be than recasted as an expression for critical vorticity

3

Wel > wl] ~ WL5

where we substituted mass by chemical potential (see [8]).
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3 Vortex rings, local polarization and handedness

If one pass from consideration of helium flow through long narrow gap (see Fig. 11.32 in
[14]), which may correspond to corona region between core and specatators in HIC, to that
from the circular one by a sort of (continious) deformation, the vortex lines below and above
the gap connect to form the vortex rings.

In HIC this corresponds to the hadronic beams [15] (being most close to the discussed lig-
uid helium example) and jets [16]. One may also consider the rings appearance and evolution
in the case of HIC, where 3-fluid hydro [19] or kinetic model [20] can be applied.

While in all these cases the classical vorticity in the rings was considered leading to
the local A polarization, here we suggest to consider the quantized vortex rings. While the
result is qualitatively the same (local A polarization) we offer the another mechanism of its
emergence due to excitation of heavy baryonic degrees of freedom in vortex core.

To observe the vortex rings the spin-momentum correlations were suggested in [15, 16]

Ra ~< S - [[Pa] >, 4

involving the A momentum pj, and (average) spin S'a as well as trigger vector # which can
be, in particular, jet trust [16].

Let us first point out that these correlations are the particular case of handedness first
suggested just to measure the polarization of quark and gluons fragmenting to hadronic jets
[21]. Later it was also applied [22] in the studies of HIC in kinetic model.

Here we wouild like to suggest some modification of this quantity to probe the quantized
vortex rings. Let us note that while correlation (5) may indeed signal the apperance of ring-
like structure, it may also appear in inclusive polarization, similar to hadronic case [9—12].
Note that this case was actually a guideline in [15] and that inclusive polarization in HIC was
recently studied in the course of preparations for experiments at NICA [23].

For more specific probe of quantized vortex formation, we suggest to consider the pion
momentum (as forming the ring in the superfluid) instead of that of A:

RY ~< Sn - [[B:] >, )

f'can be either the hadron (or light nucleus, with deuterons being one of the likely first stage
beams for NICA [25]) momentum or (mini) jet trust. It is likely that some additional cuts
for pion momentum can be applied to select the pions forming the vortex. More studies are
definitely required.

4 Conclusions and outlook

We suggested here the that production of quantized vortices at the core-corona (and corona-
spectators) border in HIC. This phenomenon may be the quantum counterpart of the other
roles of this region relevant for baryon polarization [13, 24].

The critical conditions for vortices emergence are discussed and the rough estimate of the
minimal energy required for the global polarization generation is performed leading to rather
low value ~ 1GeV.

The formation of vortex rings is considered, the role of handedness in their studies is
stressed and its new version is suggested.

Let us also note, that vortex (unlike rigid rotation) produces shear besides vorticity. In-
deed, if
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where x; form the transverse vector w.r.t. polarization s; direction, its derivative

EilkSk lefijkxjsk

(9;1),» = k( x2 (X2)2

) (N
is not completely antisymmetric in i, /. One may guess is there any connection to the much
discussed shear-related polarization [26] and explanation of sign puzzle for local polarization.

The shear viscosity plays the crucial role in the transition of rotation to heavy baryon
degrees of freedom which is the cornerstone[8] of quantum vortices contribution to polar-
ization. There is also similarity with Kolmogorov cascade with dissipation manifested for
smallest vortices.

Finally, let us ask ourselves whether the famous lower bound for viscosity [27] can be
related to (upper) bound for polarization?!
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