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Abstract

:

The gold–gold collisions at     s  N N    = 7.7   and 11.5 GeV are simulated within the PHSD transport model. In each collision event, the spectator nucleons are separated and the fluidization procedure for the participants is performed. The local velocities are determined in the Landau frame and the kinematic and thermal vorticity fields are evaluated. We analyze the thermodynamic properties of the cells where Λs and   Λ ¯  s were born or had their last interaction. Such cells contribute to the formation of the observed global polarization of hyperons induced by the thermal vorticity of the medium. The   Λ ¯   polarization signal is found to be mainly determined by hot, dense, and highly vortical cells at the earlier stage of the collision, whereas the Λ polarization signal is accumulated over the longer time and includes cells with lower vorticity. The calculated global polarizations for both Λs and   Λ ¯  s agree well with the experimental finding by the STAR collaboration at energy     s  N N    = 11.5   G e V .   For collisions at     s  N N    = 7.7   G e V ,   we can reproduce the STAR data for Λ hyperons, but significantly underpredict the observed global polarization of   Λ ¯  . Furthermore, we consider the centrality dependence of the hyperon polarization in collisions at 7.7 GeV. It increases with an increase of centrality, reaches a maximum at 65–75% and then starts decreasing rapidly for peripheral collisions.
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1. Introduction


A definitive signal of the non-vanishing spin polarization of  Λ  hyperons in heavy-ion collisions (HICs) [1], which put an end to the controversy of early experiments [2,3] ignited the interest to theoretical studies of the evolution of spin degrees of freedom in dynamical strongly interacting systems. It also disproves earlier naive expectations [4] that the polarization signal should cease with the transition to the quark-gluon matter since the Thomas-precession mechanism in the quark-recombination process [5] responsible for the polarization signal in p+p and p+A collision is not operative anymore.



Several mechanisms leading to the polarization signal are discussed in the literature, cf. review [6]. The statistical approach developed in [7,8,9,10] couples the local spin polarization of fermions with the local vorticity fields in the fireballs formed in nucleus-nucleus collisions. This mechanism implemented in hydrodynamic [11,12,13,14,15,16] and transport models [17,18,19,20,21,22] allows to reproduce the measured  Λ  polarization. However, it is still difficult to explain the large  Λ  polarization observed by the HADES collaboration [23] at low colliding energies     s  N N    ∼ 2.5   GeV, see Figure 3 in [23]. Furthermore, most of the above works could not explain the larger polarization of   Λ ¯  s compared to  Λ s if a special mechanism distinguishing particles from anti-particles is not included, see, e.g., [16,24]. Remarkably, a splitting between  Λ  and   Λ ¯   polarization signals was successfully described within the UrQMD transport model [22] where it was attributed to the different space-time distributions of  Λ  and   Λ ¯   and by different freeze-out conditions of both hyperons. These calculations can also quantitatively describe the centrality dependence of  Λ  polarization measured by HADES [23].



In this paper, we continue our previous investigation [25] of the vorticity and helicity fields in the hot and dense nuclear matter created in the HICs at energies     s  N N    = 7.7   GeV and 11.5 GeV using the Parton-Hadron-String Dynamics (PHSD) transport model [26,27]. These energies are reachable at the NICA facility and are within the STAR beam-energy scan range. The goal is to investigate from which parts of the fireball the observed hyperons stem and at what conditions they are formed. Furthermore, we evaluate the global polarization of hyperons caused by the thermal vorticity field and study its centrality dependence.



In Section 2, we review the results of our previous analysis of velocity and vorticity fields [25]. In Section 3, we discuss the distribution of thermodynamic conditions in the points, where the observed  Λ  and   Λ ¯   signals are formed. The resulting global polarization and its dependence on the collision centrality are considered in Section 4. Conclusions are formulated in Section 5.




2. Fluidization and Velocity and Vorticity Fields


The global hyperon polarization in HICs at collision energies     s  N N    = 7.7   GeV was considered within the PHSD transport code in our previous work [19]. In the recent work [25] we reconsidered this problem making several essential improvements.



So, at each time step we separate the spectator and participant nucleons, where the former ones are sorted out if their rapidity, y, is sufficiently close to the beam rapidity,   y b  , namely    | | y |  −  y b   | ≤   y F   , where    y F  = 0.27   is the rapidity of the nucleon Fermi motion at the atomic nucleus density. We assume that the spectators do not take part in the formation of the nuclear fluid, i.e., velocity and energy-density fields. The fluidization of the particle distribution generated by the transport code is performed in three steps. First, we define the cell grid and calculate the stress-energy tensor   T  μ ν    and baryon current   J B μ   in each cell smearing the particles by the square-law spline function following the so-called cloud-in-cell method [28]. Then, the velocity 4-vector   u μ   and the energy density  ε  are defined as the eigenvector and eigenvalue of the energy-momentum tensor, correspondingly:    T  μ ν     u μ  = ε   u ν   . The baryon density follows as the product    n B  =  u μ   J B μ   . Knowing the energy density and the baryon density we can find the local temperature in the cell for the specific equation of state (EoS) as the solution of equation   ε = ε ( n , T )  . As a model for the EoS, we use the hadron resonance gas at finite temperatures and baryon densities with density-dependent mean fields that guarantee the nuclear matter saturation [29]. This EoS was used in hydrodynamic calculations [30,31]. Furthermore, calculating the kinematic and thermal vorticities we assume that only the grid cells with energy densities greater than the critical value   0.05   GeV/fm   3   are reliable for the thermal vorticity field formation. Note that this condition is not used as a condition of particle freeze-out. The evolution of each particle is traced till all interactions cease. Thereby, we avoid unphysically large gradients of the temperature occurring on the fireball boundary.



Applying the above fluidization procedure, it was found in [25] that the velocity field   v →   resembles, to a large extent, the (2 + 1)D Hubble-like flow characterized by transverse and longitudinal velocities (  v T   and   v ∥  , respectively) with some small corrections of two types. The first type of correction is axially symmetric but introduces the weak dependence of the   v T   parameter on the longitudinal coordinate z (the collision axis), and the   v ∥   parameter on the transverse radius   r T  . The second one is responsible for axial symmetry violation and, consequently, for a hydrodynamic elliptic flow. These additional terms lead to a non-vanishing kinematic vorticity    ω →  = rot  v →    of the medium. The obtained velocity fields are illustrated in Figure 1 for the Au+Au collision at     s  N N    = 7.7   GeV with the impact parameter 7.5 fm at times   t = 5 , 9  , and 13 fm/c. The first moment corresponds (at given energy) to the maximum overlap (the hot zone is a disc with   | z | < 2   fm) of colliding nuclei and the other times illustrate the fireball expansion. The total expansion time of the fireball till disintegration is about 15–16 fm/c. The Hubble-like structure is clearly seen at   t = 9   and 13 fm/c.



The vorticity fields corresponding to the velocity distributions in Figure 1 are presented in Figure 2. At the maximum overlap time (5 fm/c), the vorticity in the center slice is dominantly directed along the direction of the initial angular momentum of colliding nuclei (along the y axis in our case). However, already at this time, a circular structure starts forming at the edges of the hot zone (the largest possible z). At later times one can recognize vorticity structures, which are called elliptic vortex rings.



The irregular vorticity distribution and the distortions of the circular structure to the elliptic ones depend on the impact parameter. Uniform vortex rings are formed in central collisions, whereas in non-central collisions the elliptical structures are characterized by strong asymmetry in the   x − y   plane. It is worth mentioning that maximum values of vorticity modulus reach    ℏ |   ω →   | ∼ 60    MeV at   t ∼ 7   fm  / c  .



Similar vortex structures were first predicted at slightly higher energies in [32] and confirmed in [33] for the NICA energy range. Note, in our calculations, we apply the energy-density cut-off on the velocity and vorticity fields after their evaluations. Then, after averaging over collision events, the boundary layers of the system have vanishing vorticity. Otherwise, if the cut is applied before the derivatives are computed, numerical fluctuations and subsequent large gradients will lead to vorticity enhancement at the fireball boundary. Such behavior was observed in Refs. [34,35], where a vortex sheet around the fireball was obtained.




3. The Last Interaction Points of Hyperons


The PHSD transport model and its predecessor—the HSD model [36]—proved to be successful in the description of strangeness production in HICs. In the current version, a special mechanism [37] is implemented, which increases the probability of the strangeness production in initial hard processes. The hard processes are described as the formation and breaking of a string in the framework of the FRITIOF Lund model [38,39]. In the string decay, the quark-anti-quark pairs are assumed to be produced via the Schwinger mechanism [40]. Then the relative probabilities of the production of pairs with different flavors are given by


       P ( s  s ¯  )   P ( u  u ¯  )   =   P ( s  s ¯  )   P ( d  d ¯  )   =  γ s  = exp  − π    m s 2  −  m  u , d  2    2 κ    ,     



(1)




where   κ ≈ 0.176   GeV   2   is the string tension coefficient and   m  u , d , s    are the masses of constituent quarks. For the FRITIOF’s default settings with the constituent (dressed) quark masses    m u  ≈ 0.35   GeV and    m s  ≈ 0.5   GeV in the vacuum, Equation (1) gives the suppression of the strangeness production by a factor    γ s  ≈ 0.3   compared to the light-quark production. These relative production probabilities were corrected in Ref. [41] for a better description of proton-nucleus collisions so that in the PHSD code the relative probabilities of the   u , d , s   quark and   u u   diquark production scale as


     u : d : s : u u =      1 : 1 : 0.3 : 0.007   f o r   S P S   a n d   R H I C   e n e r g i e s  ,       1 : 1 : 0.4 : 0.007   f o r   A G S   e n e r g i e s  .          



(2)







The main idea of Ref. [37] is to take into account in-medium modifications of the quark masses in the Schwinger’s formula (1) when the string breaking occurs in the dense and hot medium created in collisions. The reduction of the effective quark masses can be related to the reduction of the quark condensate as


         m s *  =  m s 0  +  (  m s V  −  m s 0  )    〈  q ¯  q 〉    〈  q ¯  q 〉  V   ,   m q *  =  m q 0  +  (  m q V  −  m q 0  )    〈  q ¯  q 〉    〈  q ¯  q 〉  V   ,  q = u , d ,        



(3)




with    m s 0  ≈ 100   MeV and    m q 0  ≈ 7   MeV for the ‘bare’ quark masses. In Equation (3), the effective masses of constituent quarks decrease from the vacuum values to the bare ones linearly with the reduction of the quark condensate. Substitution of these relations in the Schwinger’s formula (1) implies the variation of the relative abundance of the strange quarks in dependence of the temperature and density of the surrounding medium. Within the PHSD code, the values of quark condensate are calculated in each cell on each time step [37]. These modifications of the string-breaking processes lead to significant improvements in the description of strange particle production at AGS and SPS energies [42].



In Figure 3, we illustrate the performance of the PHSD code in the description of the  Λ  and   Λ ¯   production at energies we consider in this article. The transverse momentum distributions of these particles at mid-rapidities are shown in comparison with the available experimental data obtained by the STAR collaboration. We see that the calculated   p T   distributions agree quite well with the experimental data for momenta    p T  < 1.7   GeV. There is some deficit at higher momenta, which we expect could be corrected when we include the mean-field potential acting on particles between their collisions.



The main distinction of our current approach from the previous one in [19] is the usage of dynamical freeze-out. During the code evolution, i.e., the evolution of the test-particle distributions in the coordinate-momentum space, we store additionally for each particle the information about the time of its last interaction (TLI) (including formation in the string breaking, resonance decays, and hadronic scatterings), the thermodynamic characteristics, velocity, and vorticity of the cell where it happens. At the end of the code run, we obtain distributions of these characteristics for each TLI. These distributions tell about properties of the medium, in which hyperons and anti-hyperons were frozen out, i.e., wherefrom they freely stream towards the detector without further interactions.



The energy density, baryon density, and temperature distributions as functions of TLI,   t  l . i .   , for hyperons (left column) and anti-hyperons (right column) are shown in Figure 4. At earlier times (  2  fm / c ≲  t  l . i .   ≲ 4  fm / c  ) the distributions of hyperons are very broad and spread to very high values of   ε ∼ 1   GeV/fm   3  ,    n B  ∼ 20   n 0    and   T ∼ 200   MeV. These distributions are due to the initial hard collisions (with string breaking) where the ‘unformed’ hadrons are created and, then, propagate during the formation time. With some probability, they can propagate away from the fireball without further interaction after final formation. The second “hot spot” in the hyperon distributions, which is seen at times   7  fm / c ≲  t  l . i .   ≲ 13  fm / c  , corresponds to the hyperon production mainly in hadron-scattering processes and resonance decays.



In contrast to hyperons, for the case of anti-hyperons, we observe only one significant source at   5  fm / c ≲  t  l . i .   ≲ 7  fm / c  , and all the distributions are more localized. Note that the production of the most anti-hyperons corresponds to the maximum vorticity modulus and beginning of the vortex ring formation, see Figure 2.



Although a lot of hyperons stem from the hot and vortic regions formed at the early stages of collisions and carry, therefore, a high degree of spin polarization, roughly the same amount of hyperons is released at later stages from cells with smaller vorticities, reducing, thereby, total global polarization signal. For anti-hyperons, there is only one hot spot and one could anticipate that the anti-hyperon polarization could be somewhat higher.




4. Global Spin Polarization


For the calculations of the hyperon spin polarization we use the thermodynamic approach [8,44], where the local spin polarization of a particle with mass m and spin s is induced by local thermal vorticity:


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



(4)




where    β ν  =  u ν  / T  ,   u ν  —4-velocity, T—temperature. The hyperon spin vector   S μ   in the leading order of   ϖ  μ ν    is defined by the following expression:


   S μ   ( x , p )  = −   s  ( s + 1 )   6  m    ( 1 − n  ( x , p )  )   ε  μ ν λ δ    ϖ  ν λ    p δ  ,  



(5)




where   p μ   is 4-momentum,   n ( x , p )  —distribution function. In our calculations, we assume the Boltzmann limit   ( 1 − n ( x , p ) ) ≈ 1  . The hyperon polarization    P →  =   S *  →  / s   is determined by the spin vector recalculated in the rest frame of the hyperon:


    S *  →  =  S →  −    (  S →   p →  )    p →    E ( E + m )   ,  



(6)




where we used    S 0  E =  (  S →   p →  )    since    S μ   p μ  ≡ 0  .



Within our dynamical freeze-out approach, if a particle is born inside the medium, i.e., the local energy density   ε > 0.05   GeV /  fm 3     from a non-decay process, the spin vector is calculated according to Equation (5). If a particle was born outside the medium in some elastic or inelastic scattering process, the particle polarization is reset to zero. This means that these particles will be not polarized on average. In the PHSD model, strong hyperon decays are dynamically included in the evolution of the system. For strong decays    Σ *  → Λ + π   and    Ξ *  → Ξ + π ,   only one-third of the polarization of the initial hyperon is transferred to the daughter hyperon [10]. Finally, the hyperons that have gone to infinity carry the information about the medium and polarization at their TLI.



Applying this algorithm to hyperon or anti-hyperon species H and averaging over all played-out collision events we can determine its averaged global polarization, which is the y projection of the vector


   〈   P →  H  〉  = 2   〈    S *  →  H  〉  .  



(7)




The y axis is always normal to the reaction plane in our simulations. This is primary and not yet a final observable polarization signal, since the weak and electromagnetic decays,   Ξ → Λ + π   and    Σ 0  → Λ + γ  , are not taken into account.



In Figure 5, the polarization distributions for the final hyperons and anti-hyperons are shown. We observe the clear asymmetry between positive and negative polarization zones, so all the particles have non-vanishing averaged polarization. One can see also the sharp maximum for    P y  = 0  , due to the fact that for particles reborn outside of the medium, the polarization is put to zero. Therefore, there appears a discontinuity in the otherwise smooth distribution. From Figure 5 we conclude, that the number of secondary  Λ s from  Ξ  and   Σ 0   decays is relatively large and taking into account the spin transfer coefficients, a significant reduction of the final polarization signal because of the feed-down can be expected.



Applying the relations used Refs. [10,19] to take into account the feed-down effects we obtain the final magnitudes for  Λ  and   Λ ¯   polarization, which are collected in Table 1. In our calculations, we observe strong suppression of the polarization due to the feed-down effect (up to   ≈ 36 %  ). The main role in this effect is played by the decays of   Σ 0  (   Σ ¯  0  ) hyperons because of their large relative abundance.



Nevertheless, we can reproduce the polarization signals for both  Λ  and   Λ ¯   at higher energy     s  N N    = 11.5   GeV. The  Λ  polarization for     s  N N    = 7.7   GeV is also well described, however, the   Λ ¯   polarization is significantly underestimated.



In Figure 6, (left panel) we present the dependence of the polarization signal on the centrality of the collision, C. Our calculations demonstrate the tendency of the polarization to increase with the increasing centrality for   C ≲ 65 – 75 %   and to decrease for larger values of C. We associate this pattern with the proper separation of spectator and participant nucleons done in our calculations. A similar pattern is seen in preliminary data of the Au+Au collisions at 7.2 GeV reported by the STAR collaboration in [46], although for quite different   p T   and rapidity cuts. On the right panel in Figure 6 we present the direct comparison of these data with the results of our calculation at 7.7 GeV but with the experimental cuts. The magnitude of the observed polarization signal is somewhat larger than that in our calculations, however, the rising trend is clearly visible. The drop of polarization is more rapid in the data and starts at smaller centralities. At lower collision energies, the continuous increase of the polarization with centrality for   C ≲ 50 %   is seen in Au+Au collisions at     s  N N    = 3   GeV in [47]. Furthermore, in collisions at     s  N N    = 200   GeV the linear rise of the polarization with C for   C < 60 %   and further leveling off at larger C was seen in the data in Ref. [48].



Remarkably, other theoretical models [16,49,50,51], which give a good description of the global polarization on the collision energy, do not produce a drop of the polarization for peripheral collisions. The geometrical model [49] at     s  N N    = 200   GeV predicts a plateau at   80 %   centrality. The core-corona model [50] at     s  N N    = 3   GeV predicts a sharp drop of the polarization already for the 20–40% centrality class. The hydrodynamic models [16,51] at different energies show a permanent increase of the polarization up to the largest values of C.



In Figure 6, we see that the maximum of the global polarization for  Λ  is reached for the   70 – 80 %   centrality region, while for   Λ ¯   the maximum is realized for   C = 60 – 70 %  . It is worth mentioning, that the angular momentum transferred to the medium for this class is relatively small compared to the   0 – 20 %   and even   20 – 40 %  , see Figure 4 in [25]. Therefore, the polarization cannot be explained by the angular momentum transfer only.




5. Conclusions


We performed fluidization of the particle distributions generated by the PHSD transport code for gold–gold collisions at     s  N N    = 7.7   and 11.5 GeV and determined evolutions of local energy density, baryon density, and temperature. Furthermore, the velocity and vorticity fields are calculated assuming that the velocity is defined within the Landau frame. Spin polarization of hyperons and anti-hyperons induced by the local thermal vorticity are evaluated. For each (anti-)hyperon leaving the fireball and ceasing participation in strong interactions we trace back its history to the moment its last interaction (TLI) and determine thermodynamical characteristics and vorticities of the regions where the (anti-)hyperons came from. The analysis of the TLI distributions for the energy density and the temperature reveals that there are two sources of final hyperons: one at the earlier stage of the collision due to a hard process in hot cells with large vorticities and the second one at later times when final hyperons stem mostly from resonance decays and hadron scatterings in cooler and less vortical cells. In contrast, final anti-hyperons have only one source at an early stage of the collision. Thus, the hyperon polarization signal acquired at the earlier stage is diminished by contributions from the later stages relative to the anti-hyperon polarization signal. The final polarization of  Λ  and   Λ ¯   particles are calculated with the account for feed-down effects due to the weak,   Ξ → Λ + π  , and electromagnetic,    Σ 0  → Λ +  π 0   , decays. The feed-down reduces strongly the particle polarization. Nevertheless, we can quantitatively describe the available STAR data for  Λ  and   Λ ¯   polarizations at     s  N N    = 7.7   and 11.5 GeV, except the strong   Λ ¯   polarization signal at 7.7 GeV, which remained underpredicted. We found the (anti-)hyperon polarization, first, almost linearly increases with the collision centrality, but then decreases for peripheral collisions with centralities   ≳ 70 %  . This finding follows the general tendency seen in the available experimental data.
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Figure 1. The averaged fireball velocity fields created in Au+Au collisions at     s  N N    = 7.7   GeV with the impact parameter   7.5   fm are shown for time moments   t = 5 , 9  , and 13 fm/c. 
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Figure 2. The averaged fireball vorticity fields created in Au+Au collisions at     s  N N    = 7.7   GeV with the impact parameter   7.5   fm are shown for time moments   t = 5 , 9  , and 13 fm/c. 
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Figure 3. The transverse momentum,   p T  , distributions of hyperons   ( Λ +  Σ 0  )   (left column) and anti-hyperons   (  Λ ¯  +   Σ ¯  0  )   (right column) for Au+Au collisions at energies     s  N N    = 7.7   GeV (upper row) and 11.5 GeV (lower row) for the mid-rapidity   | y | < 0.5  . Calculations correspond to various centrality classes. The curves obtained for centralities higher than 0–5% are scaled down by the factors shown in Figure. Dots show the experimental result obtained by the STAR collaboration [43]. 
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Figure 4. The distributions at the TLI of the energy density  ε  (first row), baryon density   n B   in units of the normal nuclear matter density    n 0  = 0.16   fm    − 3    (second row), and temperature T (third row) for final hyperons (left column) and anti-hyperons (right column) produced in the central 20–50% Au+Au collisions at     s  N N    = 7.7   GeV in the mid-rapidity range   | y | < 1   for transverse momenta   0.4 <  p T  < 3   GeV/c. All histograms are normalized on the number of collision events. The following bin width are used: 0.01 GeV/fm   3   for the energy denstiy,   0.17   n 0    for the baryon density, 1 MeV for the temperature, and 0.1 fm/c for   t  l . i .   . 
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Figure 5. The polarization distributions of the final hyperons and anti-hyperons (without weak and electromagnetic decays) in the semi-central 20–50% Au+Au collisions at     s  N N    = 7.7   GeV in the mid-rapidity   | y | < 1   and transverse momenta   0.4  GeV / c <  p T  < 3   GeV  / c  , normalized on the number of collision events. 
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Figure 6. Global polarization of  Λ  and   Λ ¯   depending on the collision centrality in Au+Au collisions at     s  N N    = 7.7   GeV is shown for the mid-rapidity   | y | < 1   and transverse momentum   0.4 <  p T  < 3   GeV  / c   regions on the left panel and for the pseudo-rapidity range   − 1.5 < η < 0   and    p T  > 0.15   GeV/c on the right panel. Star symbols on the right panel show the results of the STAR collaboration [46] for the same   p T   and rapidity ranges but energies     s  N N    = 7.2   GeV. 
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Table 1. Global polarization of the  Λ  and   Λ ¯   hyperons in Au+Au collisions at     s  N N    = 7.7   GeV and     s  N N    = 11.5   GeV, 20–50% centrality, mid-rapidity   | y | < 1   and transverse momentum range   0.4  GeV / c <  p T  < 3  GeV / c  . The STAR data [1] is scaled to the currently accepted value of the decay parameter    α Λ  = 0.732   [45].
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