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Abstract. We present directed flow of protons and pions, as well as mean po-
larization of A and A hyperons computed for Au-Au collisions at /syy =
5...19.6 GeV in MUFFIN model. MUIti Fluid simulation for Fast IoN colli-
sions, or MUFFIN, is a state-of-the-art 3-fluid dynamic model for simulating
heavy-ion collisions in the region from a few to a hundred GeV center-of-mass
energy. Whereas MUFFIN succeeds to reproduce basic observables in the col-
lision energy range of interest, the slope of the directed flow at mid-rapidity
is much steeper as compared to the data, it has unclear EoS dependence and
final-state hadronic cascade affects this observable significantly. The excitation
function of the A polarization shows a significant splitting between polariza-
tions of A and A, which challenges a widespread interpretation that the splitting
is affected mainly by the late-stage magnetic field.

1 Introduction

A goal of heavy-ion collision programs with the center-of-mass energy in the range from
a few to to hundered GeV is to investigate the properties of the produced dense baryonic
medium, in particular its equation of state (EoS) and transport coefficients. Fluid dynamic
approach is instrumental for this goal as it allows to incorporate different equations of state
with relative ease.

Fluid dynamic approach has been very successful in its applications to nucleus-nucleus
collisions at high energies /syy = 200 GeV and above. There, one typically separates the
dynamics into initial state, where the initial hard scatterings are taking place and supposedly
lead to isotropisation or effective fluidisation of the medium, and the subsequent fluid stage
where the evolution is governed by fluid dynamical equations.

However, when modelling heavy-ion collisions at the lower energies, one faces a chal-
lenge. The Lorentz contraction of the incoming nuclei is not strong, and it takes up to a
few fm/c for the two nuclei to completely pass through each other and for all the primary
NN scatterings to happen. Dense medium can already be formed in the region where the
first nucleon-nucleon scatterings took place, while the last nucleons are still approaching the
points of their first interactions.

Multi-fluid dynamics is an elegant though phenomenological way to account for the com-
plex space-time picture of the nucleus-nucleus collision at intermediate energies. In the multi-
fluid approach, one approximates the incoming nuclei as two blobs of cold and baryon-rich
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fluids. A nucleus-nucleus collision is then described as a mutual inter-penetration of the flu-
ids, which slows them down via friction terms. The energy and momentum lost to friction is
channeled into creation of the third fluid which represents particles produced in the reaction.
In what follows we present results for directed flow and polarization from the MUIti
Fluid simulation for Fast IoN collisions (MUFFIN) model. For a comprehensive description
of the model, as well as the reproduction of the basic observables (rapidity disributions and
transverse momentum spectra of different sorts of hadrons) we refer the Reader to [1].

2 Model

In the multi-fluid approach, particularly the 3-fluid one which we employ, the evolution is
govened by a coupled set of fluid dynamical equations:

0, Th (x) = =Fy(x) + Fp (),
9, T (x) = —F!(x) + F}(x), (1)
0uT¢" (x) = Fy(x) + F{(x) = Fy(x) = F(x),

where the source terms for each fluid are represented via friction terms F ;!t(x) and F }’p’ﬂ(x).
The F ;,’(x) and F(x) correspond to friction between the projectile and target fluids, acting
upon the projectile and target fluids, respectively. The friction terms are defined based on
elementary NN scattering, and for more details the Reader is again referred to [1]. A feature
of the coupled fluid dynamical equations (1) is that the total energy and momentum of all
fluids are conserved:

B [T} () + T () + T ()| = 0.

Fluid-to-particle transition, aka particlization, is taking place at a hypersurface of fixed ef-
fective energy density &5, = 0.5 GeV/fm?®. From the segments of this hypersurface, which
correspond to fluid freezing out, hadrons are sampled on this hypersurface using Cooper-Frye
formula with separate contributions from all fluids. The sampled hadrons are passed on to
SMASH hadronic cascade [2] to treat final-state rescatterings and resonance decays.

3 Results and discussion

The friction terms in MUFFIN have been tuned in order to reproduce pseudorapidity dis-
tributions of charged hadrons (measured by PHOBOS), rapidity distribution of net protons
(measured by NA49 and BRAHMS) and transverse momentum spectra of protons, pions and
kaons (measured by STAR) in heavy-ion (Au-Au or Pb-Pb depending on experiment) colli-
sions at the RHIC BES energy range.

In this proceeding, we present supplementary results from MUFFIN simulations with av-
eraged initial state. We focus on two particular observables, directed flow (more precisely,
its slope at mid-rapidity) of protons and pions, and mean (i.e. integrated over transverse mo-
mentum) polarization of A hyperons. We have chosen those two observables since they have
common prerequisites: partial baryon stopping and finite impact parameter, that also produce
finite angular momentum of the created medium.

It has been predicted in early fluid-dynamic calculations that the slope of the directed flow
of baryons will turn negative and then positive again as a function of energy if a first order
phase transition is present in the EoS. More refined studies in modern fluid dynamical model
have shown [3] that this prediction does not hold. Furthermore, the slope of the directed flow
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Figure 1. Directed flow of nucleons(left) and pions (right), estimated in MUFFIN using reaction-plane
method. The simulations are conducted with averaged initial state corresponding to 10-40% centrality
class and an equation of state from chiral model featuring crossover transition to deconfined phase
(yellow bands) and bag model EoS featuring first-order phase transition to the deconfined phase (cyan
bands). The bands represent a rather simplistic attempt to estimate the uncertainty in the calculation
of the slope, stemming from the finite-difference approximation to the derivative. Red stars represent
STAR measurements [4], and experimental error bars are smaller than the symbol size on this plot.
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Figure 2. Same as Fig. 1 but computed before (light-coloured bands) and after (darker-coloured bands)
the final-state hadronic cascade.

was found to be sensitive not only to the EoS but also to the details of the initial state and
particlization prescription.

This prompted us to examine the excitation function of the slope of directed flow in MUF-
FIN. In Figure 1, we show the slope of directed flow of the sum of protons and neutrons, as
well as negatively charged pions. We sum up protons and neutrons instead of only consider-
ing protons, to yield somewhat better statistics for the plots. Here we assume that the effects
of electric charge are relatively small as compared to baryon charge in our model. The first
impression from the results is that both nucleon and pion dv,/dy have considerably bigger
amplitudes as compared to the data. It is, however, consistent with directed flow reported in
other studies [5]. Swapping the equation of state in the model from chiral EoS with crossover



transition to EoS Q with first-order phase transition between the hadronic and QGP phases
does not result in a qualitatively different dv, /dy at +/snn > 7.7 GeV. Furthermore, the final-
state dvy /dy of nucleons is significantly affected by the post-hydro phase as one can see from
Figure 2. Interestingly, the nucleon dv; /dy computed right at the particlization (e.g. immedi-
ately at the end of the fluid stage) has a pronounced non-monotonic collision energy depen-
dence that qualitatively resembles the result from STAR. However, for v/sxy > 7.7 GeV, the
final-state hadronic cascade pulls the dv;/dy down to large negative values, driving it away
from the experimental data points.
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Figure 3. Mean polarization of A and A
hyperons from MUFFIN, computed at
particlization. The simulation are performed
for 10-40% centrality class and compared to
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Next, we examine polarization of A hyperons. We compute momentum-averaged polar-
ization of A and A at mid-rapidity, on the hypersurface of particlization. We add up con-
tributions from thermal vorticity and thermal shear [6]. The results are shown on Figure 3.
Note that we compare to STAR data points [8], computed using updated value of @y, and to
earlier results from a conventional 1-fluid simulation using VHLLE code with UrQMD initial
state [7]. The polarization signal is considerably stronger in MUFFIN as compared to the
earlier 1-fluid results. More interestingly, MUFFIN produces a strong splitting between the
polarizations of A and A at the lower end of RHIC BES energies, which has a sign opposite
to the data. This result, however, challenges the widespread interpretation of the splitting,
which is attributed to the final-state magnetic field.

Finally, we note that no separate tuning of the model was done for the observables pre-
sented in this manuscript.
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