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Abstract

:

We review recent studies of vortical motion and the resulting polarization of  Λ  hyperons in heavy-ion collisions at NICA energies, in particular, within the model of three-fluid dynamics (3FD). This includes predictions of the global  Λ  polarization and ring structures that appear in Au+Au collisions. The global  Λ  polarization in Au+Au collisions is calculated, including its rapidity and centrality dependence. The contributions of the thermal vorticity and meson-field term (proposed by Csernai, Kapusta, and Welle) to the global polarization are considered. The results are compared with data from recent STAR and HADES experiments. It is predicted that the polarization maximum is reached at     s  N N    ≈   3 GeV if the measurements are performed with the same acceptance. It is demonstrated that a pair of vortex rings are formed, one at forward rapidities and another at backward rapidities, in ultra-central Au+Au collisions at     s  N N    >   4 GeV. The vortex rings carry information about the early stage of the collision, in particular, the stopping of baryons. It is shown that these rings can be detected by measuring the ring observable   R Λ  , even in the midrapidity region at     s  N N    =   5–20 GeV. At forward/backward rapidities, the   R Λ   signal is expected to be stronger. The possibility of observing the vortex-ring signal against the background of non-collective transverse polarization is discussed.
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1. Introduction


Non-central heavy-ion collisions at high energies are characterized by a huge global angular momentum. It rapidly rises with the collision energy, exceeding the value of    10 4  ℏ   at NICA energies. However, only a part of the total angular momentum is accumulated in the participant region, i.e., in the overlap region of the interacting nuclei, which is of prime interest to us. According to the 3FD simulations, 25–30% of the total angular momentum is deposited into the participant matter in the Au+Au collisions at   b =   8 fm, which is a huge amount. As the angular momentum is accumulated in the participant region, the motion of the matter becomes vortical. The vortical motion significantly affects the evolution of the system. However, theoretical and experimental studies of the relevant effects only began relatively recently. In particular, in Ref. [1], it was suggested that parton interaction in non-central heavy-ion collisions leads to a global quark polarization along the direction of the global angular momentum. This global polarization is essentially a local manifestation of the global angular momentum of the colliding system through spin-orbital coupling [2,3].



This phenomenon of the global polarization along the total angular momentum is closely related to the Barnett effect [4] (magnetization by rotation). The Barnett effect consists of the transformation of a fraction of the orbital angular momentum associated with the body rotation into the spin angular momenta of the atoms, which, on average, become directed along the orbital angular momentum. Because of the proportionality between the spin and magnetic moment, this polarization results in the magnetization of the rotating body.



The formation of vortex rings in heavy-ion collisions at high collision energies,     s  N N    =   40–200 GeV, was predicted in hydrodynamic [5] and transport [6,7] simulations. Later, the vortex rings were reported at a lower energy of 7.7 GeV in the simulations of Refs. [8,9]. Earlier, ring-like structures, i.e., half rings, were noticed in semi-central Au+Au collisions at an even lower energy of 5 GeV [10,11]. The authors of Refs. [10,11] called this specific toroidal structure a femto-vortex sheet. In a recent paper [12], the formation of the vortex rings was predicted in Au+Au collisions at     s  N N    =   7.7–11.5 GeV and even at 4.5 GeV, where the ring structure turns out to be more diffuse.



In Ref. [13], the analysis of the toroidal vortex structures was extended to proton–nucleus collisions. It was predicted that vortex rings are created in such collisions at an energy of     s  N N    =   200 GeV. Vortex rings produced by jets propagating through the quark–gluon matter were considered in Ref. [14]. The above predictions [5,6,7,8,9,10,11,12,13,14] were obtained within different models. Thus, it appears that vortex rings are quite common for high-energy nucleus(proton)–nucleus collisions.



In the present paper, we review recent studies of vortical motion and the resulting polarization of  Λ  hyperons in heavy-ion collisions at NICA energies, in particular, within the 3FD model [15]. This includes predictions of the global  Λ  polarization [16,17] and ring structures that appear in Au+Au collisions [18].



The 3FD model takes into account the finite stopping power resulting in the counterstreaming of leading baryon-rich matter in the early stage of nuclear collisions [15]. This nonequilibrium stage is modeled using two counterstreaming baryon-rich fluids initially associated with the constituent nucleons of the projectile (p) and target (t) nuclei. Later on, these fluids may consist of any type of hadrons and/or partons (quarks and gluons), rather than only nucleons. Newly produced particles, dominantly populating the midrapidity region, are associated with a fireball (f) fluid. These fluids are governed by conventional hydrodynamic equations coupled with friction terms in the right-hand sides of the Euler equations. The friction results in energy–momentum loss of the baryon-rich fluids. A part of this loss is transformed into thermal excitation of these fluids, whereas another part leads to the formation of the fireball fluid. Thus, the 3FD approximation is a minimal way to implement the early-stage nonequilibrium of the produced strongly interacting matter at high collision energies. The 3FD model describes the major part of the bulk observables: the baryon stopping [19,20], yields of different hadrons, their rapidity and transverse momentum distributions [21,22,23], and also the elliptic [24] and directed [25] flow.



Three different equations of state (EoSs) were used in the simulations of Refs. [19,20,21,22,23,24,25]: a purely hadronic EoS [26] and two versions of the EoS with the deconfinement transition [27], i.e., a first-order phase transition (1PT) and a crossover one. In the present review, only the 1PT and crossover EoSs are discussed, as they are most relevant to the various observables. The physical input of the present 3FD calculations is described in Ref. [19].




2. Global  Λ  Polarization at NICA Energies


All available data on the polarization of particles produced in heavy-ion collisions refer to hyperons because their weak decays present the most straightforward possibility for measuring polarization. In parity-violating weak decays, the daughter particle distribution in the rest frame of the hyperon directly depends on the hyperon polarization [28,29,30,31]. Measurements of the polarization of particles produced in heavy-ion collisions give us access to a new class of collective phenomena, i.e., the collective rotation of the nuclear medium. The STAR Collaboration at the Relativistic Heavy-Ion Collider (RHIC) observed the nonzero global polarization of  Λ  and   Λ ¯   at collision energies 7.7   ≤   s  N N    ≤   200 GeV [28,29] and, recently, multi-strange hyperons [30] at 200 GeV. Local polarization along the beam direction was also measured [31]. These measurements demonstrated the increase in global polarization with decreasing    s  N N    .



The spin polarization below 7.7 GeV is less explored. Although a simple extrapolation of this trend suggests that the global polarization continues to increase as    s  N N     decreases, we expect vanishing global polarization at     s  N N    = 2  m N    due to the lack of system angular momentum. Therefore, a peak in global polarization should exist in the region 1.9   ≤   s  N N    ≤   7.7 GeV. Recent model calculations predict this peak in different places: at     s  N N    ≈   3 GeV [16,17,32,33] and     s  N N    ≈   7.7 GeV [34].



The first data (some of them preliminary) on the global polarization of  Λ  were presented in Refs. [35,36,37] for energies 3 GeV, 7.2 GeV, and 2.4 GeV, respectively. The first two energy points were obtained within the STAR fixed-target program (FXT-STAR) at RHIC, whereas the third point was obtained by the HADES Collaboration. These data indicate that the peak in global polarization is reached certainly below the energy of 7.7 GeV.



Below, we briefly review the consideration of Ref. [17].



2.1. Thermal-Vorticity Polarization


In the thermodynamic approach [38,39], particle polarization is related to so-called thermal vorticity, defined as


      ϖ  μ ν   =  1 2   (  ∂ ν   β μ  −  ∂ μ   β ν  )  ,     



(1)




where    β μ  =  u ν  / T  ,   u μ   is the collective local four-velocity of the matter and T is the local temperature. Here, we deal with   u μ   and T of the unified fluid because the system is equilibrated at the freeze-out stage, as argued in Ref. [17]. In the leading order in the thermal vorticity, it is directly related to the mean spin vector of spin 1/2 particles with four-momentum p, produced around point x on the freeze-out hypersurface


      S μ   ( x , p )  =  1  8 m    [ 1 −  n F   ( x , p )  ]    p σ   ϵ  μ ν ρ σ    ϖ  ρ ν    ( x )      



(2)




where    n F   ( x , p )    is the Fermi-Dirac distribution function and m is the mass of the considered particle. The polarization vector of the S-spin particle is defined as


      P S μ  =  S μ  / S .     



(3)







The polarization of the  Λ  hyperon is measured in its rest frame; therefore, the  Λ  polarization is


      P Λ μ  = 2  S Λ  * μ       



(4)




where   S Λ  * μ    is the mean spin vector of the  Λ  hyperon in its rest frame. The zeroth component   S Λ 0   identically vanishes in the  Λ  rest frame and the spatial component becomes [40]


       S  Λ *   ( x , p )  =  S Λ  −    p Λ  ·  S Λ     E Λ   (  E Λ  +  m Λ  )     p Λ  ,     



(5)




where    E Λ  =    m Λ 2  +   p  2     . Substituting the expression for  S  from Equation (2) and averaging this expression over the   p Λ   direction (i.e., over   n p  ) results in the following polarization in the direction orthogonal to the reaction plane (  x z  ) [40]


       〈  P Λ  〉   n p   =  1  2  m Λ      E Λ  −  1 3    p  Λ  2    E Λ  +  m Λ      ϖ  z x   ,     



(6)




where   m Λ   is the  Λ  mass and   E Λ   and   p Λ   are the energy and momentum of the emitted  Λ  hyperon, respectively. Here, we put   ( 1 −  n Λ  ) ≃ 1   because the  Λ  production takes place only in high-temperature regions, where Boltzmann statistics dominates.



Particles are produced across the entire freeze-out hypersurface. Therefore, to calculate the global polarization vector, the above expression should be averaged over the freeze-out hypersurface  Σ  and particle momenta


      P  Λ  ϖ  =   ∫  (  d 3  p /  p 0  )   ∫ Σ  d  Σ λ   p λ   n Λ    〈  P Λ  〉   n p     ∫  (  d 3  p /  p 0  )   ∫ Σ  d  Σ λ   p λ    n Λ    .     



(7)







Here,   P Λ   is averaged over the whole system and the momenta of emitted particles. Application of the experimental rapidity acceptance is performed in terms of a so-called hydrodynamical rapidity


      y h  =  1 2  ln    u 0  +  u 3     u 0  −  u 3    ,     



(8)




based on hydrodynamical 4-velocity   u μ  . The   d  Σ λ   p λ    integration runs only over those cells, where the condition    |   y h   | <   y acceptance    is met. Let us denote this restricted freeze-out hypersurface as   Σ  Δ y   . Of course, this is only an imitation of the actual experimental acceptance. Unfortunately, imitation of transverse-momentum acceptance in a similar manner is impossible because the transverse momentum is mainly determined by thermal motion in the cell.



Similar to previous 3FD simulations [8,16], a simplified version of the freeze-out is used. The freeze-out is isochronous that, in particular, implies    (  d 3  p /  p 0  )  d  Σ λ   p λ  =  d 3  p   d 3  x  . The freeze-out instant is associated with the time when the energy density   〈 ε ( t ) 〉   averaged over the central region (i.e., slab   | z | ≤   4 fm) reaches the value of the average freeze-out energy density in the same central region obtained in conventional 3FD simulations with a differential, i.e., cell-by-cell, freeze-out [41,42]. It is important to note that the values of this actual freeze-out energy density,   ε  frz   , averaged over the frozen-out system, are not parameters of the 3FD model. They are automatically generated in the 3FD simulations as a result of the implemented freeze-out dynamics described in Refs. [41,42]. The only freeze-out parameter is    ϵ  frz   = 0.4   GeV/fm    3  , which is the “trigger” energy density at which the freeze-out procedure starts. This parameter is the same for all EoSs and all collision energies.



We can simplify Equation (7) by explicitly performing an integration over   d p  . We reorganize the terms in parentheses in Equation (6) and use the following relations:


     ∫  d 3  p   d 3  x   n Λ     =    ∫  d 3  x   ρ Λ      



(9)






     ∫  d 3  p   d 3  x   E Λ    n Λ     =    ∫  d 3  x   T Λ 00      



(10)




where   ρ Λ   is the  Λ  density in the frame of calculation and   T Λ 00   is the 00 component of the partial energy–momentum tensor related to the  Λ  contribution


      T Λ 00  =  (  ε Λ  +  p Λ  )   u 0   u 0  −  p Λ      



(11)




with   ε Λ   and   p Λ   being the corresponding partial energy density and pressure, respectively.   ρ Λ  ,   ε Λ  , and   p Λ   are determined by the ideal–gas relations in terms of the temperature, baryon, and strange chemical potentials. Note that the system is described by the ideal–gas EoS at the freeze-out stage. Thus, by inserting Expression (6) for    〈  P Λ  〉   n p    into Equation (7) and performing the above-described manipulations, we arrive at


      P  Λ  ϖ  =  1 6      ∫  Σ  Δ y     d 3  x   ρ Λ  + 2  T Λ 00  /  m Λ    ϖ  z x        ∫  Σ  Δ y     d 3  x   ρ Λ     .     



(12)







This is the final expression with which we perform our simulations.



In previous calculations [16], the   n Λ   weight in Equation (7) was replaced by the energy-density weight. Moreover, the averaging of   ϖ  z x    and the term in parentheses in Equation (6) was decoupled. In the present approach, we avoid these approximations.




2.2. Meson-Field Induced Polarization


The meson-field-induced contribution to the global polarization was proposed in Refs. [43,44] primarily to explain the observed  Λ -  Λ ¯   splitting in the global polarization. We do not discuss this splitting in the present paper because it deserves a special separate discussion, but rather study the effect of the meson-field-induced contribution on the  Λ  polarization.



The relativistic mean-field (RMF) model [45,46] assumes that interaction among baryons are mediated by a scalar field  σ  and a vector field   V μ  . The effective Lagrangian of this model is


      L eff  =  ∑ j    ψ ¯  j   ( i ∂  / −  m j  +  g  σ j   σ −  g  V j   V  / )   ψ j        +   ∂ μ  σ  ∂ μ  σ −  m  σ  2   σ 2   −  V  μ ν    V  μ ν   +  m  V  2   V μ   V μ   .     



(13)







Here, j labels the spin-1/2 baryons, and the field strength tensor for the vector field is


      V  μ ν   =  ∂ μ   V ν  −  ∂ ν   V μ   .     



(14)







In general, the Lagrangian may include a potential   U ( σ )   of  σ -field self-interaction, but its exact form is irrelevant here. Therefore, we put   U ( σ ) = 0   for definiteness. The V field is usually associated with the vector  ω  meson and  σ  with the  σ  meson. The  σ  field results in an attractive interaction and  ω , a repulsive interaction.   g  ω j    and   g  σ j    are the coupling constants, the possible values of which can be found, e.g., in Ref. [47].



The  σ  and  ω  fields are treated in the mean-field approximation [45,46,47]:


      ∂ 2   V ν  +  m V 2   V ν  =  ∑ j   g  V j    J j ν   .     



(15)




where    J j μ  =  〈  ψ ¯   γ μ  ψ 〉    is the baryon current of j baryons in which baryons and antibaryons contribute with opposite signs, and


      ∂ 2  σ +  m  σ  2  σ =  ∑ j   g  σ j    n  s j       



(16)




where    n  s j   =  〈  ψ ¯  ψ 〉    is the scalar density in which baryons and antibaryons contribute with the same signs. It is expected that these interactions in terms of hadrons are relevant at the freeze-out stage, even if the preceding evolution was dominated by the quark–gluon phase. At this stage, the corresponding energy scale is much less than    m ω  = 783   MeV and    m σ  ≈ 600   MeV. Therefore, the derivatives in Equations (15) and (16) can be neglected, and thus we arrive at the following solution for the fields


    σ   =     1  m  σ  2    ∑ j   g  σ j    n  s j   ,     



(17)






     V ν    =     1  m V 2    ∑ j   g  V j    J j ν  ≃    g ¯  V   m V 2    J B ν  .     



(18)







The   V ν   field can be approximately expressed through the baryon current    J B ν  =  n B   u ν   , where   n B   is the baryon density and    g ¯  V   is the mean coupling constant of the vector meson.



Derivation along the lines of Ref. [17] results in the mean spin vector of the hyperons (  Y = Λ   or   Λ ¯  ) with four-momentum p, produced around point x


      S Y μ   ( x , p )  = −  1  8  m Λ     ϵ  μ ρ σ τ    p τ    ϖ  ρ σ   +  β Y    g  V Λ     m Λ  T    V  ρ σ    ,     



(19)




where    β Λ  = 1   and    β  Λ ¯   = − 1  . The vector meson field enters this expression similar to the electromagnetic field interacting with the magnetic moment of the Y-hyperon [39]. This expression is valid [39] in the leading order in the thermal vorticity and field-strength tensor. The Fermi factor   [ 1 −  n Y   ( x , p )  ]   was again omitted because of its negligible effect at high temperatures achieved in nuclear collisions.



The further derivation is identical to that performed in the previous subsection with the substitution    ϖ  ρ σ   +  β Y    g  V Λ     m Λ  T    V  ρ σ     instead of   ϖ  ρ σ   . Finally, we arrive at the following expression for the meson-field contribution to the global polarization of the Y hyperon (  Y = Λ   or   Λ ¯  ):


      P  Y  V  =    β Y   g  V Λ     6  m Λ  T       ∫  Σ  Δ y     d 3  x   ρ Y  + 2  T Y 00  /  m Λ    V  z x        ∫  Σ  Δ y     d 3  x   ρ Y     ,     



(20)




which should be added to the thermal-vorticity term (12). Here,    β Λ  = 1   and    β  Λ ¯   = − 1  , and   V  z x    is defined in terms of the baryon current,   J B ν  , by Equation (17).



For practical calculations, the coupling constant   g  V Λ    and the mean coupling constant    g ¯  V   of the vector meson are needed. A brief survey of the various parametrizations of the RMF model is presented in Ref. [43] (see also [48,49]). We use just one of the possible parametrizations:     g ¯  V  =  g  V N   =   8.646,    g  V Λ   = 0.67  g  V N    , and    m V  =  m ω  =   783 MeV [50]. The mean coupling constant is associated with the nucleon one because nucleons dominate in the baryonic content of the system at low energies considered here. The uncertainty in the RMF model parametrization results in the corresponding uncertainty in the   P  Y  V   calculation.



It is important to note that we do not apply the RMF model to describe the matter dynamics. These dynamics are still described by the 3FD model with the aforementioned EoSs. Only the interaction that splits the polarization of  Λ  and   Λ ¯   is taken from the RMF model. This splitting is an additional contribution to the global polarization, which is absent in the 3FD model.




2.3. Results


Only a fraction of all detected  Λ s are produced directly in the freeze-out stage. These are primary  Λ s. A fraction of  Λ s originates from decays of heavier hyperons. The most important feed-down channels are strong decays of    Σ *  → Λ + π   and electromagnetic decays    Σ 0  → Λ + γ  . When polarized particles decay, their daughters are themselves polarized because of angular momentum conservation. The amount of polarization that is transferred to the daughter particle depends on the momentum of the daughter in the rest frame of the parent. For the mean, momentum-integrated spin vector in the rest frame, a simple linear rule takes place, which is summarized in Table I of Ref. [39]. This feed-down from higher-lying resonances reduces the global  Λ  polarization by ≈15–20% at NICA energies. All the results presented below are calculated considering the feed-down from higher-lying resonances.



Figure 1 demonstrates the effects of the thermal-vorticity and meson-field contributions to the midrapidity global  Λ  polarization in a broader range of collision energies than those of NICA. This is done in order to correlate the predictions for the NICA range with a wider energy range, where there are more experimental data. As can be seen, the additional meson-field term reduces the  Λ  polarization in the rapidity window    |   y h   | < 0.6    at low collision energies and makes it closer to the STAR data at 3 GeV [35]. The overall agreement with the available data is quite good. The results at 4 GeV   ≤   s  N N    <   7.7 GeV can be considered predictions for the NICA experiments.



The meson-field effect becomes larger in wider rapidity windows, which capture the participant–spectator boundaries more strongly. This is because the baryon-current vorticity achieves the highest absolute values at the participant–spectator border, as argued in Ref. [17]. In particular, this is the reason that the rapidity dependence of the polarization is strongly affected by the meson-field contribution, as discussed below.



The rapidity dependence of the global  Λ  polarization at 7.7 GeV is shown in Figure 2. The STAR centrality selection is 20–60%, which corresponds to the impact-parameter range   b =   5.6–9.7 fm based on the overlap calculator [51]. Therefore,   b =   8 fm can be chosen to represent this range. Although the STAR data are presented by four subsets corresponding to different selections of transverse momentum,   p T  , the 3FD results correspond to averaging over the whole   p T   range.



Both the thermal vorticity and the one with the additional vector–meson contribution (bold lines in Figure 2) describe the preliminary STAR data quite well [36] at   | y | < 0.8  . However, they overestimate the data at   | y | > 0.8  . The vector–meson contribution somewhat improves the agreement but the overestimation at   | y | > 0.8   persists. This observation demonstrates that once again, the effects of the thermal vorticity and vector–meson interaction become large in rapidity ranges overlapping with the participant–spectator border. Moreover, the above contributions produce effects of opposite signs. Therefore, the observed global  Λ  polarization is a result of a delicate cancellation of the above contributions.



The global polarization of  Λ  hyperons in Au+Au collisions is calculated at the impact parameters   b =   2, 4, 6, 8, and 11 fm. The displayed impact parameters are associated with collision centrality using the Glauber simulations based on the nuclear overlap calculator [51]. In Figure 3, the centrality dependence of the global  Λ  polarization in the midrapidity region (   |   y h   | < 0.8   ) in Au+Au collisions at     s  N N    =   7.7 GeV is displayed. The effect of the additional vector–meson contribution is negligible because the rapidity window does not cover the regions of the participant–spectator borders, as already discussed. The 3FD results describe the preliminary STAR data for 7.2 GeV energy reasonably well.



We can conclude that the 3FD model describes the available data on the global polarization in and around the NICA energy range reasonably well. Keeping this in mind, we can proceed to an even less-explored topic, i.e., the production of vortical rings in heavy-ion collisions.





3. Vortical Rings


Vortex rings are inherent in fluid dynamics. They are developed in a cylindrically symmetric flow of fluid with longitudinal velocity depending on the radius. This flow results in the formation of toroidal vorticity structures, i.e., the vortex rings. An example of these vortex rings is smoke rings.



The formation of vortex rings is a consequence of the partial transparency of colliding nuclei at high energies. The matter in the central region is decelerated more strongly because there is thicker matter in the center than that at the periphery. Therefore, two vortex rings are formed at the periphery of the stronger stopped matter in the central region, one at forward rapidities and another at backward rapidities. The peripheral matter acquires a rotational motion. Matter rotation is opposite in these two rings. A schematic picture of the vortex rings is presented in Figure 4.



Partial transparency takes place in the early stage of the collision, even before the equilibration of the produced matter. It determines the strength of vorticity in the vortex rings. Therefore, the vortex rings carry information about this early stage of the collision.



3.1. Vortical Rings in Central Collisions


Let us first consider the structure of the thermal-vorticity field in heavy-ion collisions in the   x  η s    plane, where    η s  =  ( 1 / 2 )  ln  ( t + z ) / ( t − z )    is the longitudinal space–time rapidity and z is the coordinate along the beam direction. The advantage of this   η s   is that it is equal to the kinematic longitudinal rapidity defined in terms of the particle momenta in the self-similar one-dimensional expansion of the system.



The plot of   ϖ  z x    in ultra-central (  b = 0   fm) Au+Au collisions at     s  N N    =   4.9–11.5 GeV in the   x  η s    plane is presented in Figure 5. In order to suppress the contributions of almost empty regions, the displayed thermal vorticity   ϖ  z x    is averaged with the weight of proper energy density (also presented in Figure 5) similar to that in Refs. [5,8]. The   x  η s    plane would be a reaction plane in case of non-central collisions. In our case (  b = 0   fm), all the planes passing through the z-axis are equivalent because of the axial symmetry. These are the plots at the time instants close to the freeze-out. In order to see the correlations of the thermal vorticity with other quantities, plots of the proper energy density, x-component of the baryon current (  J x  ), and proper baryon density are also displayed. As can be seen, the thermal vorticity reveals a ring structure similar to that schematically displayed in Figure 4. The   x  η s    plane is a cut of these rings by the plane passing through the axis of these rings. This ring structure is seen even at     s  N N    =   4.9 GeV.



As seen in Figure 5, these thermal-vorticity rings correlate with the transverse component of the baryon current (  J x  ). This means that the vortical rings expand, which is important for their observation. At the same time, the proper energy and density distributions reveal a disk rather than a ring structure, although at the same space–time rapidities. At 4.9 GeV, this is already a central fireball rather than two disks.



At the considered moderately relativistic energies, the expansion dynamics of the system are not of a self-similar one-dimensional character. Therefore, the space–time rapidity   η s   is not equal to the kinematic longitudinal rapidity in terms of the particle momenta. Nevertheless, it can be used to approximately estimate the rapidity location of these vortex rings. As seen in Figure 5, at 4.9 GeV, these rings are located slightly below    |   η s   | =    0.5 and at    |   η s   | ≈    0.5 if     s  N N    =   7.7 GeV. This location does not restrict their observation because the FXT-STAR experiments allow measurements at very backward rapidities. At     s  N N    =   11.5 GeV, where the estimation in terms of   η s   is more reliable, these vortex rings are already located at    |   η s   | ≈    0.5–1.0, which is slightly beyond the rapidity window of the collider experiment. Nevertheless, the inner parts of these rings are still at    |   η s   | <    0.5. Therefore, their effect can be observed.




3.2. Ring Observable


The authors of Refs. [13,14] suggested a ring observable


   R Λ   ( y )  =      P Λ  ·   e z  × p     |   e z   × p |     y  ,  



(21)




where    P Λ   ( p )    is the polarization of the  Λ  hyperon,  p  is its spacial momentum, and   e z   is the unit vector along the beam, i.e., along the z-axis. Averaging    …  y   runs over all momenta with fixed rapidity y. As argued in Refs. [13,14], the ring structure may be quantified using   R Λ  . This ring observable was applied to the analysis of ultra-central Au+Au collisions at     s  N N    =   200 GeV [13]. It was found that nonzero values of   R Λ   appear only at rapidities   | y | >   4, i.e., far beyond the midrapidity window accessible in collider experiments.



However, the same ring observable turns out to be nonzero in proton–proton and proton–nucleus collisions (see, e.g., Refs. [52,53], where a brief survey of earlier experiments is also presented). It is referred to as a transverse polarization in those experiments. At least in proton–proton reactions, the nonzero   R Λ   is related to the correlation of the produced  Λ  with the beam direction rather than to the collective ring structure. To be precise, only the collective contribution to   R Λ   due to the vortex rings is estimated below, and the discussion of the background of direct  Λ  production can be found in a later section of this paper.



To quantify the qualitative considerations in the preceding subsection, let us turn to the ring observable in Equation (21). Our goal is to estimate the expected ring observable in the ultra-central (  b =   0 fm) Au+Au collisions rather than to calculate it.



In terms of hydrodynamic quantities, the contribution of an element of the freeze-out surface   d  Σ ν    to the ring observable reads


      R Λ   ( x , p )  =    ε  μ ν ρ σ    P  μ  Λ   n ν   e ρ   p σ     |   ε  μ ν ρ σ    n ν   e ρ   p σ   |     .     



(22)




where    e σ  =  ( 0 , 0 , 0 , 1 )    is the unit vector along the beam (z) axis and   n ν   is the normal vector to the element of the freeze-out surface.



To calculate the ring observable    R Λ   ( y )   ,    R Λ   ( x , p )    should be averaged over the whole freeze-out surface  Σ  and particle momenta


      R Λ   (  y h  )  =   ∫  (  d 3  p /  p 0  )   ∫  Σ (  y h  )   d  Σ λ   p λ   n Λ   ( x , p )   R Λ   ( x , p )    ∫  (  d 3  p /  p 0  )   ∫  Σ (  y h  )   d  Σ λ   p λ    n Λ   ( x , p )    ,     



(23)




where   n Λ   is the distribution function of  Λ s. Here, the approximation has already been made: the constraint of fixed rapidity (y) imposed on the momentum integration is replaced by that of fixed hydrodynamical rapidity (8), similar to that in the preceding subsection [17]. The   y h   constraint is imposed on the freeze-out surface integration and is denoted as   Σ (  y h  )   in Equation (23). At moderately relativistic energies, the hydrodynamical rapidity is a more reliable approximation of the true rapidity than the space–time rapidity   η s  .



Let us further proceed with the approximations. Similar to that in the preceding subsection [17], let us use a simplified version of the freeze-out, i.e., an isochronous one, that implies    n ν  =  ( 1 , 0 , 0 , 0 )    and    (  d 3  p /  p 0  )  d  Σ λ   p λ  =  d 3  p   d 3  x  . Expression (2) for    S Λ μ   ( x , p )    is also simplified. The factor   ( 1 −  n Λ  ) ≈ 1   is taken because the  Λ  production takes place only in high-temperature regions, where Boltzmann statistics dominates. As spatial components of    ϖ  ρ ν    ( x )    are of prime interest, the approximation    p σ   ϵ  μ ν ρ σ    ϖ  ρ ν   ≈  p 0   ϵ  μ ν ρ 0    ϖ  ρ ν   ≈  m Λ   ϵ  μ ν ρ 0    ϖ  ρ ν     is made. The latter approximation,    p 0  ≈  m Λ   , reduces    S Λ μ   ( x , p )   , which is quite suitable for the upper estimate of the ring observable. The boost of    S Λ μ   ( x , p )    is neglected, which also reduces    S Λ μ   ( x , p )   . After the application of all these approximations,   S Λ μ  , and hence,   P Λ μ  , becomes momentum-independent. Therefore, the momentum averaging in Equation (23) can be performed first, leaving   P Λ μ   beyond the scope of this averaging:


      R Λ   (  y h  )     ≈     ∫  Σ (  y h  )    d 3  x   ρ Λ   ( x )     P Λ  ·  u ×  e z      (  u T 2  + 2 T /  m Λ  )   1 / 2    /   ∫  Σ (  y h  )    d 3  x  ρ Λ   ( x )   ,     



(24)




where    ρ Λ   ( x )    is the density of  Λ s,   u T   is the transverse component of the fluid velocity, and T is the temperature. This expression is obtained in the non-relativistic approximation for the transverse collective motion. Indeed, at the freeze-out,   T ≈   100 MeV   ≪  m Λ    and    v T    ≲ 0.4 at midrapidity [54]. At the forward/backward rapidities considered here, these values are even smaller. Here, (   u T 2    + 2T/mΛ)1/2 stand for 〈|pT|〉/mΛ. It is important that the system, together with the vortex rings, radially expands at the freeze-out stage. This expansion even determines the sign of RΛ, as seen in Equation (24).



Based on the axial symmetry of the ultra-central (  b =   0) collisions, the averaging in Equation (24) can be restricted by the quadrant (  x > 0 , z > 0  ) of the “reaction” plane   x z  , [the (  x > 0 ,  η s  > 0  ) quadrant in Figure 5] if    y h  > 0  . For negative   y h  , it is the (  x > 0 , z < 0  ) quadrant. Thus, this averaging becomes identical to that carried out in the preceding subsection [17] for the calculation of the global polarization but in a restricted region, i.e., the (  x > 0 , z > 0  ) quadrant. The only difference is that the averaging over cells runs with additional weight   x   u x  /   (  u x 2  + 2 T /  m Λ  )   1 / 2    , where x takes into account that the integration runs over   r d r  d z   in cylindrical coordinates at a fixed azimuthal angle.



The estimation of the   R Λ   quantity, averaged over different rapidity ranges, in the ultra-central (  b =   0) Au+Au collisions as a function of    s  N N     is displayed in Figure 6. For definiteness, all these rapidity ranges are located at positive rapidities because    R Λ   ( y )    is an odd function of y. In the fixed rapidity region, the magnitude of   R Λ   first increases with the increase in the collision energy; reaches a maximum, the position and height of which depend on the rapidity window; and then decreases. The height of the maximum is larger in wider rapidity windows. All these features are expected from the above qualitative consideration. The presented calculations have a numerical uncertainty of 10–15%. These numerical fluctuations result from averaging over a very restricted spacial region, rather than the whole volume of the system, as performed for the global polarization [17]. These fluctuations are larger for   R Λ   at fixed y because the averaging runs over even more restricted spacial regions in this case.



The calculations are performed with the crossover and 1PT EoSs. The predictions of the different EoSs differ but this difference is comparable with the numerical uncertainty at energies below 7 GeV and above 12 GeV. However, at 7 ≲    s  N N     ≲ 12 GeV, this difference exceeds the numerical uncertainty. This energy range correlates with that of the earlier predicted irregularity in the excitation function of the baryon stopping [19,20], where the results of different EoSs also differ. This is not surprising because the incomplete baryon stopping (or partial transparency) is the driving force for the vortex ring formation. In particular, this is the reason for the correlation between the thermal vorticity and baryon current (see Figure 5).



The rapidity dependence of the   R Λ   quantity in the ultra-central Au+Au collisions at different    s  N N     is shown in Figure 7. Given the large numerical fluctuations, the lines in Figure 7 are smoothed using orthogonal-polynomial fit. Again, as expected, extreme values of   R Λ   are reached at forward/backward rapidities, where the vortex rings are located. The positions of these extreme values move to larger   | y |   with the increase in the collision energy. However, even at 5   <   s  N N    <   19.6 GeV, sizable values of   R Λ   can be expected at   | y | =   0.5, attainable in the collider mode. Feed-down from higher-lying resonances (  Σ *   and   Σ 0  ) in   R Λ   has been taken into account similar to the global polarization in Ref. [17]. This feed-down reduces   R Λ   by ≈15%.





4. Summary and Discussion


The global  Λ  polarization in Au+Au collisions at NICA energies was calculated. The contributions of the thermal vorticity and meson-field interaction [43] to the global polarization were considered. The results were compared with recent data [36]. It was predicted that the global polarization increases with a decrease in the collision energy. The maximum was reached at     s  N N    ≈   3 GeV if the measurements were performed with the same acceptance. The meson-field contribution was large at the participant–spectator border and hence considerably reduced the polarization at forward/backward rapidities, whereas it was practically insignificant at the midrapidity region. This improved the agreement of the calculated polarization with the available data.



The ring structures that appear in Au+Au collisions at energies     s  N N    =   4–20 GeV were studied and the resulting ring observable was estimated. The calculations were performed within the 3FD model [15]. It was demonstrated that a pair of vortex rings are formed, one at forward rapidities and another at backward rapidities, in ultra-central Au+Au collisions at     s  N N      ≳ 4 GeV. The matter rotation is opposite in these two rings. They are formed because in the early stage of the collision, the matter in the vicinity of the beam axis decelerates more strongly than that at the periphery. Thus, the vortex rings carry information about this early stage, in particular, the stopping of baryons.



These rings can be detected by measuring the ring observable   R Λ  , even in the rapidity range   0 < y < 0.5   (or   − 0.5 < y < 0  ). The   R Λ   signal is stronger in wider rapidity ranges. For instance, the magnitude of the ring observable may reach values of 2–3% at     s  N N    =   5–20 GeV if the rapidity window is extended to   0 < y < 0.8  . Measurements in fixed-target experiments, such as FXT-STAR and the forthcoming experiments at FAIR, provide additional advantages. They allow measurements at backward rapidities, where the   R Λ   signal is expected to be more pronounced.



Only ultra-central Au+Au collisions were considered in this paper because the axial symmetry of the system makes the   R Λ   estimation easier in this case. Asymmetric vortex rings are also formed in semi-central collisions at     s  N N    >   5 GeV. The corresponding   R Λ   polarization should be asymmetric in the reaction plain.



The   R Λ   quantity also contains the contribution of direct  Λ  production with the  Λ  polarization correlated with the beam direction. In heavy-ion collisions, this type of polarization is expected to be diluted due to rescatterings in the medium [55,56]. A vanishing  Λ  polarization has been proposed as a possible signature for the formation of a Quark Gluon Plasma (QGP) in relativistic heavy-ion collisions [55]. This prediction was one of the motivations for the experimental study of the transverse polarization of  Λ  hyperons produced in Au+Au collisions (10.7A GeV) [57]. The results revealed no significant differences in polarization from those observed in   p p   and   p A   collisions. However, the question of the nature of the obtained polarization remains open, i.e., which part results from direct  Λ  production and which part results from the vortex rings.



Different transverse-momentum dependencies may be used to distinguish these two mechanisms of the transverse polarization. Although the magnitude of transverse polarization due to direct  Λ  production linearly increases with  Λ  transverse momentum, low-  p T    Λ s should dominate in the   R Λ   due to the vortex rings because these rings are collective phenomena. The   p T   dependence of the vortex-ring   R Λ   is expected to decrease, similar to that for the global polarization [35,36,58]. Therefore, limiting the transverse momentum from above would enhance the contribution of the vortex rings.



In any case, the calculations of the   R Λ   due to the vortex rings should be complemented by simulations of the  Λ  transverse polarization due to the direct  Λ  production, similar to those performed for the ultra-central Au+Au collisions at     s  N N    =   9 GeV in Ref. [59]. That simulation disregarded the polarization dilution due to rescatterings in the medium. Therefore, it gave the upper limit (≈−5%) on the magnitude of the mean transverse  Λ  polarization. For practical use, such simulations should consider this dilution [56].



The transverse   Λ ¯   polarization measured in   p p   collisions so far is consistent with zero [60]. On the other hand, the collective fluid vorticity in   A A   collisions polarizes all emitted particles and, hence,    R Λ  ≈  R  Λ ¯     should take place. Therefore,   R  Λ ¯    looks to be a good observable for detecting vortex rings.
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Figure 1. Global  Λ  polarization in midrapidity regions    |   y h   | < 0.6   , originating from the thermal vorticity with (bold lines) and without (thin lines) the meson-field contribution in Au+Au collisions at   b =   8 fm as a function of the collision energy    s  N N    . The results for different EoSs are presented. Data are from Refs. [28,35,36] (STAR) and [37] (HADES). 
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Figure 2. Rapidity dependence of the global  Λ  polarization in Au+Au collisions at     s  N N    =   7.7 GeV (  b =   8 fm), originating from only the thermal vorticity (thin lines) and the one with the additional vector–meson contribution (bold lines). The results for different EoSs are presented. Preliminary STAR data for Au+Au collisions at     s  N N    =   7.2 GeV and centrality 20–60% are from Ref. [36]. 
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Figure 3. Centrality dependence of the global  Λ  polarization in the midrapidity region (   |   y h   | < 0.8   ) in Au+Au collisions at     s  N N    =   7.7 GeV. The results for different EoSs are presented. Preliminary STAR data for Au+Au collisions at     s  N N    =   7.2 GeV are from Ref. [36]; only statistical errors are displayed. 
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Figure 4. Schematic picture of the vortex rings at forward/backward rapidities. Curled arrows indicate the direction of the circulation of the matter. 
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Figure 5. Columns from left to right: the proper energy density (GeV/fm   3  ), the proper-energy-density-weighted relativistic thermal   z x   vorticity, x-component of the baryon current (  J x  ) in units of normal nuclear density (   n 0  = 0.15   1/fm   3  ), and the proper baryon density (  n B  ) in units of   n 0   in the   x  η s    plane at time instant   t =   12 fm/c in the ultra-central (  b =   0 fm) Au+Au collisions at     s  N N    =   4.9–11.5 GeV.   η s   is the space–time rapidity along the beam (z-axis) direction. Calculations are performed with the crossover EoS. The bold solid contour indicates the border of the nuclear matter with    n B  > 0.1  n 0   . 
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Figure 6. The   R Λ   quantity averaged over different rapidity ranges in the ultra-central Au+Au collisions as a function of    s  N N    . Calculations are performed with the crossover and 1PT EoSs. 
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Figure 7. Rapidity dependence of the   R Λ   quantity in the ultra-central (  b =   0) Au+Au collisions at     s  N N    =   3.3–19.6 GeV (upwards at   y ≈  −1). Distributions at 4.9 and 19.6 GeV are indicated by bold lines. Calculations are performed with the crossover (left panel) and 1PT (right panel) EoSs. 
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