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1. Introduction

As has been widely recognized, the study of the particle attiad distribution in momentum
space with respect to the reaction plane is an importantagmiobe the hot, dense matter created in
heavy-ion collisions [1, 2]. The directed flow refers to dedlive sidewards deflection of particles
and is characterized by the first-order harmaniof the Fourier expansion of the particle azimuthal
angular distribution with respect to the reaction plane [Bhe second harmonic coefficiew,
called elliptic flow, and the triangular flowg have been extensively studied both theoretically and
experimentally in the last years by about five orders of ntageiin the collision energy/syn [4].

In contrast, apart from first measurements in the early i@geind till recent times, the directed flow
was studied mainly theoretically although some experiaignformation from the Schwerionen-
Synchrotron (SIS) to Super-Proton-Synchrotron (SPS)gee®is available [5].

It is generally believed that the directed transverse flogeiserated early in the heavy-ion
collision before a thermalization of the degrees of freeamrurs. In particular, in the fragmen-
tation region (i.e. at large rapidity or pseudorapidity)e tirected flow is generated during the
nuclear passage time [6, 7]. The directed transverse flowftire probes the onset of bulk collec-
tive dynamics during thermalization, thus providing vdligainformation on the pre-equilibrium
stage [8, 9, 10, 11]. In earlier times (at moderate beam @wrthe first flow harmonic defined as

vi(y) = (cos(@— gre)) = (/B +2) (L1)

with respect to the reaction plamgp was characterized differently: i.e. by the mean transverse
momentum per particle projected on the reactirr-€) plane (p«(y)/N) in the center-of-mass
system which differs from thg; harmonic component. Unfortunately, it is not possible to-co
vert or directly compares; data to the earliepy/N analysis. Often, just the slope gf(y) at
midrapidity has been used to quantify the strength of thectidd flow. The shape of the rapidity
dependence; (y) is of special interest because the directed flow at midrgpiday be modified by
the collective expansion and reveal a signature of a phassition from normal nuclear matter to

a quark-gluon plasma (QGP) and reflects important featurggesystem evolution from its initial
state. Situation in this field is shortly reviewed in [12].

It is an experimental challenge to measure accuraigly) at RHIC energies due to the rel-
atively small signal and a potentially large systematiorearising from azimuthal correlations
not related to the reaction plane orientation (non-flowafe The first RHIC measurements of
azimuthal anisotropy for charged particles,g@n =(62-200) GeV show that,(y) appears to
be close to zero near midrapidity. Similar results have b@®ained by the STAR [13], PHO-
BOS [14] and PHENIX collaborations using different cortela methods. The model analysis
of these data for non-identified hadrons is in a reasonabileeatent with experiment and shows
no wiggle structure [15, 16]. Generally, similar conclusdollow from the analysis of the,(y)
excitation functions in a large energy range carried ouhiwitlifferent macroscopic (hydro with
hadronic, two-phase and chiral transition EoS [15, 17, &8f) microscopic (UrQMD and multi-
phase transport [15, 19, 20]) models which definitely shoat gystematic measurements with
higher precision for identified hadrons and more developedets are needed.

The interest in the directed flow (y) has recently been enhanced considerably due to new
STAR data obtained in the framework of the beam energy sc&S)program [21]. The directed



Particularities of the directed flow in the NICA energy range Viacheslav Toneev

flow of identified hadrons — protons, antiprotons, positind aegative pions — has been measured
with high precision for semi-central Au+Au collisions iretlenergy rangg/sun =(7.7-39) GeV.
These data provide a promising basis for studying direwi-fdsues as discussed above and have
been addressed already by the Frankfurt group [22] limitivegnselves to the energysyn <20
GeV where hadronic processes are expected to be dominamievdn the authors of Ref. [22]
did not succeed to describe the data and to obtain concltessudts which led to the notion of the
'directed flow puzzle'. Our study aims to analyze these STARlts in the whole available energy
range including in particular antiproton data. Here we wse complementary approaches: the
kinetic transport (the parton-hadron string dynamics (Pl &pproach and relativistic three-fluid
hydrodynamics (3FD) with different equations of state.

We start with a short presentation of the PHSD approach arthidronic version HSD (with-
out partonic degrees of freedom) and then analyse the BEESrd&grms of both transport models
in order to explore where effects from partonic degreesasdom show up. Furthermore, we com-
pare also with predictions of other kinetic models in Seavhile in Sec. Il a similar analysis is
performed within a collective model, i.e. the 3 fluid hydradynics. Our findings are summarized
in Sec. IV.

2. Directed flow in microscopic approaches

2.1 Reminder of PHSD

The PHSD model is a covariant dynamical approach for styomgkracting systems formu-
lated on the basis of Kadanoff-Baym equations [23, 24] oish#ll transport equations in phase-
space representation, respectively. In the Kadanoff-Btheury the field quanta are described in
terms of dressed propagators with complex selfenergies PHSD model includes the creation of
massive quarks via hadronic string decay - above the dritivargy density~ 0.5 GeV/fn? - and
quark fusion forming a hadron in the hadronization proc¥gith some caution, the latter process
can be considered as a simulation of a crossover transitice the underlying EoS in PHSD is a
crossover [25]. For a review on off-shell transport theoey/nefer the reader to Ref. [25].

Fig. 1 illustrates how the hadron multipliciN/dy(y = 0) at midrapidity is reproduced within
the PHSD (solid lines) and HSD (dashed lines) kinetic apgres. We point out that the antipro-
ton abundance is a crucial issue. In the AGS-SPS low enemggyer& 20 GeV) both models
agree quite reasonably with experiment, including thepanttbn yield. The enhancement of the
proton and antiproton yield gysyn = 62 GeV in PHSD relative to HSD can be traced back to a
larger baryon/antibaryon fraction in the hadronizationgasss. At lower energies this agreement
is reached by taking into account th@ annihilation to three mesons (e.g, p, w) as well as the
inverse channels employing detailed balance as workeda@gf. [30]. These inverse channels are
quite important; in particular, at the top SPS energy thiglige reaction practically compensates
the loss of antiprotons due to their annihilation [30]. Avkr SPS and AGS energies the annihila-
tion is dominant due to the lower meson abundancies, howihebackward channels reduce the
net annihilation rate. We mention that the multiple-messrombination channels are not incorpo-
rated in the standard UrQMD transport model [31]. The protadtiplicities are reproduced rather
well in the PHSD/HSD approaches but the multiplicity of de pions is slightly overestimated
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Figure 1: Particle abundance at mid-rapidity calculated for certadlisionsb =2 fm in the HSD (dashed

lines) and PHSD (solid lines) models. The experimental de¢afrom a compilation of Ref. [27] comple-
mented by recent data from the STAR collaboration [28] arddtest update of the compilation of NA49
results [29].

for /Sun 510 GeV. This discrepancy is observed also in other transpodelsand is a subject of
separate investigations.

2.2 Directed flow from microscopic dynamical models

The whole set of directed flow excitation functions for prapantiprotons and charged pi-
ons from the PHSD/HSD models is presented in Fig. 2 in corapario the measured data [21].
The initial states in the PHSD/HSD are simulated on an ebgrdvent basis taking into account
fluctuations in the position of the initially colliding nwedns and fluctuations in the reaction plane.
This procedure is identical to that in the study of the alliftow in Ref. [26]. The average im-
pact parameter for the selected events-is 7 fm. In the simulations the experimental acceptance
0.2 > pt > 2 GeVl/c is taken into account for all hadrons [21].

At first glance, both models — in particularly the PHSD — cotisereproduce the general
trends in the differential; (y) with bombarding energy: the (y) slope for protons is positive at
low energies {/syn < 20 GeV) and approaches zero with increasing energy whilpratdns and
pions have negative slopes, respectively, in the wholeggn@mge. In more detail: for protons
the directed flow distributions are in a reasonable agreemitn the STAR measurements in the
whole range of the collision energies considered (excep{/N = 11.5 GeV). Howevery,(y)
for antiprotons agrees with the data only for the highestgtes where baryon/antibaryon pairs are
dominantly produced by hadronization.

The shape of the, (y) distribution for antiprotons starts progressively to eliffrom the mea-
sured data if we proceed frogisyny =11.5 to 7.7 GeV. In the lower energy range the HSD and
PHSD results get very close which indicates the dominant@aadifonic reaction channels (absorp-
tion and recreation). The direct flow distributions for nidgaand positive pions are close to each
other and also begin to disagree with experiment in the samggerof low collision energies as for
antiprotons (see Fig. 2). Again the PHSD results are vergecto the experimental measurements
at higher energies while the HSD results deviate more sigéhbs stressing the role of partonic
degrees of freedom in the entire collision dynamics. Tharcterestimation of thep and i
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Figure 2: The directed flow (y) for protons, antipproton as well as negative pions from Au-eallisions
at different collision energies frogySyn = 7.7 to 39 GeV from HSD (dashed lines) and PHSD (solid lines).
Experimental data are from the STAR collaboration [21].

slopes at,/Syn =7.7 GeV demonstrates that the heavy-ion dynamics is notwgtdnderstood
within the string/hadron picture at the lower energies.

The characteristic slope of thg(y) distributions at midrapidity,%—‘;l 0 F, is presented
in Fig. 3 for all cases considered in Fig. 2. In a first appration thevI flow in the center-
of-mass system may be well fitted by a linear functiafly) = F y within the rapidity interval

—0.5 <y < 0.5. Acubic equation is also used,

vi(y) =Fy+Cy*, (2.1)

to obtain an estimate of the uncertainty in extracting theffadent F. The error bars in Fig. 3
just stem from the different fitting procedures. Note tha&t éimergy axis in Fig. 3 is extended by
adding experimental results fgfsyny =62 and 200 GeV [21]. This representation is more delicate
as compared to1(y) in Fig. 2. For protons there is a qualitative agreement ofHIS&®/PHSD
results with the experiment measurements: the sfope0 at low energies, however, exceeding
the experimental values by up a factor of about two; the stwpsses the lin& =0 at,/Syn ~20
GeV, which is twice larger than the experimental crossingtpand then stays negative and almost
constant with further energy increase. However, the absetiues of the calculated proton slopes
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Figure 3: The beam energy dependence of the directed flow slope at piditsafor protons, antiproton
and charged pions from semicentral Au+Au collisions. Thedgll band corresponds to the UrQMD results
as cited in [21]. The experimental data are from the STARatatation [21] along with results of prior
experiments using comparable cuts [32, 33].

in this high energy range are on the level of -(0.010-0.0%8)ile the measured ones are about
-0.005. The standard UrQMD model results, as cited in theegxgental paper [21] and in the
more recent theoretical work [22], are displayed in Fig. 3wy wide and narrow shaded areas,
respectively. These results for protons are close to throsethe HSD and essentially overestimate
the slope for energies below30 GeV but at higher energy become negative and relativekedio
the experiment. The predictions for the pure hadronic varsi the transport model HSD (dotted
lines in Fig. 3(a)) slightly differ from the PHSD results whioverpredict the negative proton slope
at higher RHIC energies.

For the antiproton slopes we again observe an almost gativditagreement with the BES
experiment [21]: with increasing collision energy the HI&#HSD slopes grow and then flatten
above 20-30 GeV. The HSD results saturate &0) = 0, while the PHSD predictions stay negative
and in good agreement with experiment (see Fig. 3(b)). lbteworthy to point out that these
PHSD predictions strongly differ from the UrQMD results wiino longer describe the data for
VSN <20 GeV but are in agreement with the measurements for higieggies. This disagreement
might be attributed to a neglect of the inverse processeanigoroton annihilation [30] in UrQMD
as described above.
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Figure 4: Snapshots of the baryon energy density distribution in tH8[P model at the timé= 3fm/c and

6 fm/c for Au+Au collisions and /syn =11.5 GeV. The energy density scale is given on the right side i
GeV/fme. The solid curves display parton density levels for 0.6 afd @artons/frd. The arrows show the
local velocity of baryonic matter (in relative units).

The differences between the calculations and experimdatalbecome apparent for the charged
pion slopes at/syn <11 GeV: the negative minimum of the charged pion slope is elettian the
measured one. The HSD and PHSD results practically coiratitiev energy (due to a minor im-
pact of partonic degrees of freedom) but dramatically diffem those of the UrQMD model for
/SN £20 GeV (see Fig.3(c)). This difference might be attributgdia to a neglect of the inverse
processes for antiproton annihilation in UrQMD.

The appearance of negativeslopes can be explained by the evolution of the tilted sdlig-
like shape of the participant zone as assumed in Refs. [34T8E situation is illustrated in Fig. 4
by PHSD calculations. Snapshots of the velocity profile ams for timest =3 fm/c and 6 fm/c
for semi-peripheral Au+Au (11.5 GeV) collisions in the bgabund of baryon density distributions
where also parton blobs can be identified. Indeed, amongctiiéesed particles there are many
which move perpendicularly to the stretched matter (amijfland their multiplicity increases with
time. However, this component is weak and it is not clear ivaethese snapshots will result in
observable effects for the final slope.

Thus, in agreement with the STAR experimental data, in thesidered energy range the
PHSD model predicts for protons a smodif,/Syn) function which is flattening a{/syn < 10
GeV and reveals no signatures of a possible first order preasstion as expected in Refs. [36, 37,
38]. For antiprotons the slope at midrapidity manifests denbut shallow negative minimum for
v/Sun ~30 GeV while the measured slope is a monotonically increasinction. It is noteworthy
that the new STAR data are consistent with the PHSD resulishwhclude a crossover transition
by default due to a matching of the EoS to lattice QCD results.

3. Directed flow in a macroscopic approach

3.1 The 3FD model

The 3FD model [39] is a straightforward extension of the &flonodel with a radiation of
direct pionsand (2+1)-fluid model as noted in [25]. These elmtave been extended to treat the
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baryon-free fluid on an equal footing with the baryon-rickeen A certain formation timet, is
allowed for the fireball fluid, during which the matter of theifl propagates without interactions.
The formation timer is associated with the finite time of string formation andajeand is incor-
porated also in the kinetic transport models such as PHSD/HS

Contrary to the conventional hydrodynamics, where a latstiintaneous stopping of projec-
tile and target matter is assumed, the specific feature @&Rbeis a finite stopping power resulting
in a counter-streaming regime of leading baryon-rich maftae basic idea of a 3FD approxima-
tion to heavy-ion collisions [40, 41] is that at each spag®tpoint a generally nonequilibrium
distribution of baryon-rich matter can be represented asna af two distinct contributions ini-
tially associated with constituent nucleons of the prdjeetnd target nuclei. Therefore, the 3FD
approximation is a minimal way to simulate the finite stojgpower at high incident energies.
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Figure 5: Particle abundance at midrapidity calculated for centodlisions (0 =2 fm) in the 3FD model

with an EoS for a pure hadronic phase (dashed lines) andéarabe of a crossover transition (solid lines).
The experimental data are the same as in Fig. 1.

Different EoS’s can be implemented in the 3FD model in cattta the PHSD that incorpo-
rates only a crossover transition. In particular, in thigkwye apply a purely hadronic EoS [42]
and an EoS with a crossover transition as constructed in[&f. The physical input of the 3FD
calculations is described in detail in Ref. [44]. No tunimg ¢hange) of 3FD-model parameters
has been done in the present study as compared to that st&kedl i[44].

The patrticle yield at midrapidity calculated within the 3Riddel is presented in Fig. 5. Both
the hadronic-EoS (dashed lines) and crossover-EoS rgsolid lines) for the proton and pion
abundancies af/syn <20 GeV are in good agreement with the experimental data arttigicase
of charged pions, in even better agreement than in the HSS®IP&pproaches (cf. Fig. 1). The
purely hadronic EoS definitely overestimates the antiproteld at midrapidity in this energy
range, while the EoS with the crossover transition quitsasaably agrees with the experimental
data. Note that the antiprotons are mainly produced froniteball (baryonless) fluid [39]. To a
certain extent, this may be interpreted as being due to fimdson formation opp in equilibrium
in analogy to HSD/PHSD where these channels are not in fullibgum. The difference between
the two EoS's is clearly seen at higher energigsiy > 20 GeV, where the crossover EoS is
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favorable for all hadronic species rather than only forlzarions pr, E_+).

3.2 Directed flow in the 3FD model

In recent works [44, 45, 46, 47] an analysis of the major patiutk observables has been
performed: the baryon stopping [44], yields of differentdians, their rapidity and transverse
momentum distributions [45, 46], as well as the elliptic flexcitation function [47]. This analysis
has been carried out for the hadronic EoS and two types of Etitdeconfinement transition:
a first-order phase transition and a crossover. It was fobat gcenarios with deconfinement
transitions are preferable especially at high collisioargies, though are not perfect.

0.0 T T T T T

T
protons nnprotons pions .
002 /=« ®oSTAR | OSTAR L  STAR 7
+ STAR 7+

[XJ
N

Figure 6: Rapidity distributions of the directed flow for protons, ianbton and positive and negative pions
from Au+Au collisions at different collision energies calated within the 3FD model. The experimental
data are from the STAR collaboration [21]. The dashed limesespond to a hadronic EoS while the solid
lines stand for a crossover transition.

In this study we consider only two of the above-mentionedhates, i.e. the purely hadronic
scenario and the crossover one. The reason is primarilyitedh It turned out that calculations
of the directed flow are demanding and require a high nunegioeuracy. In contrast to other
observables, the directed flow is very sensitive to the sidfhvef the computational grid and the
number of test particlés Therefore, accurate calculations require very high mgrand CPU time

1A numerical "particles-in-cell" scheme is used in the pnésémulations, see Ref. [39] and references therein for
more details. The matter transfer due to pressure gragfeiot®on between fluids and production of the fireball fluil,
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and accordingly, calculations for a first-order-transitioS are not completed yet. In particular,
due to the same reason we failed so far to perform calcukationenergies above/Syn =30
GeV. Note that the change of other observables, analyzear$44, 45, 46, 47], is below 15% as
compared to results of previous calculations.

The directed flow; (y) as a function of rapidity at BES-RHIC bombarding energies is pre-
sented in Fig. 6 for pions, protons and antiprotons. As sten3FD model does not perfectly
describe ther;(y) distributions. However, we can definitely conclude that diescription of the
STAR data is better with the crossover EoS than that with threlp hadronic EoS.
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Figure 7: The beam energy dependence of the directed flow slope at piditsafor protons. The lines
are calculated within the 3FD model with a hadronic (dotiadd) and a crossover (solid lines) EoS. For
comparison the results of calculations in other colleatiaglels are taken from [22]. The experimental data
are from the STAR measurements [21] and prior experimertts gamparable acceptance cuts [32, 33].
Note the different scales as compared to Fig. 3.

The excitation functions for the slopes of thedistributions at midrapidity are presented in
Fig. 7. As noted above, the discrepancies between expdriamehthe 3FD model predictions
are larger for the purely hadronic EoS (dashed line) anddditian, some weak substructure is
observed here for protons and pions (for examplgsin =19.8 GeV). Indeed, the agreement with
the 3FD model for the crossover EoS looks better (solid ImEig. 7) though it is far from being
perfect. Similarly to the kinetic approaches, hydrodyreartias a problem with the description

computed on a fixed grid (so called Euler step of the scheme)ensemble of Lagrangian test particles is used for the
calculation of the drift transfer of the baryonic chargegrgry, and momentum (so called Lagrangian step of the scheme)

10
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of the low energy behavior of the directed flow, however, tbherdary of this disagreement shifts
down to 8 GeV as compared {gSyn ~20 GeV in the case of PHSD (cf. Fig. 3).

In Ref. [18] an essential part of the STAR data (fgsyn <) 20 GeV is analyzed within
collective approaches: the one fluid (1F) hydrodynamicadiehavith a first-order phase transition
simulated by the bag model (BM) and a crossover chiral ttams{x-over), as well as within a
modern hybrid model combining hydrodynamics with a kinetiedel in the initial and final (after-
burner) stages of the collision using both EoS’s mentiormEye. The results of this work are also
displayed in Fig. 7 for comparison (the open circles andsitar

The 3FD model predicts reasonable results for the protgreslan the rangg/syn <20 GeV
for the crossover EoS; the pure hadronic EoS results in dasirahergy dependence but with
slopesF,, exceeds the experimental onesby.2. A similar behavior is observed for the pion slope
function (see Fig. 7). In the case of antiprotons the slopéhcrossover EoS (solid line in Fig. 7)
is well described at above 10 GeV but it sharply goes down dgitreasing energy. For the pure
hadronic EoS the 3FD functional dependence of the antiprstape (dashed line in Fig. 7) looks
similarly but is shifted by almost 2-10 GeV towards higheemges.

The results of Ref. [22] for the proton slopes in the 1FD maderestimate the measured ones
by an order of magnitude for both chirgf{over) and BM E0S; appropriate results for antiprotons
are not reported. The calculational results are more defioitthe hybrid model [22]: the shaded
region in Fig. 7, that covers predictions for both EoS’s, uge) close to the 3FD results with the
pure hadronic EoS for protons and antiprotons rather théretexperiment. One can conclude that
the fluid dynamical calculations presented in Ref. [18] areable to explain the observed directed
flow of identified hadrons.

4. Conclusions

In this study the parton-hadron-string dynamics (PHSD)eagh has been applied for the
analysis of the recent STAR data on the directed flow of ifiedtihadrons [21] in the energy
range,/Syn =7.7-39 GeV. The excitation functions for the directed floWpmtons, antiprotons
and charged pions turn out to be smooth functions in bombgrdnergy without "wiggle-like"
irregularities as expected before in Refs. [34, 35, 36, 8748, 49, 50]. Our results differ from
the standard UrQMD model at lower bombarding energies dsded in Ref. [21] and the recent
theoretical analysis in Ref. [22]. The microscopic PHSs$gort approach reproduces the gen-
eral trend in the differential; (y) excitation function and leads to an almost quantitativeagrent
for protons, antiprotons and pions especially at higherges. We attribute this success to the
Kadanoff-Baym dynamics incorporated in PHSD (with moreuaate spectral functions) as com-
pared to a Boltzmann-like on-shell transport model (UrQNDJl the account for parton dynamics
also in this "moderate” energy range. The latter is implgegem PHSD in line with an equation of
state from lattice QCD [51]. The formation of the partondftadmixed phase softens the effective
EoS in PHSD and describes a crossover transition (in linke thé lattice QCD Eo0S). Accordingly,
the PHSD results differ from those of HSD where no partongreles of freedom are incorporated.
A comparison of both microscopic models has provided detaiiformation on the effect of parton
dynamics on the directed flow (cf. Fig. 2).

11
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Antiprotons have been shown to be particularly interestimgHSD/PHSD we include an-
tiproton annihilation into several mesons while takingiatcount also the inverse processepmf
creation in multi-meson interactions by detailed balar8®.[ Related kinetic models (including
UrQMD) which neglect the inverse processes for antiprotomitdlation at lower energies do not
describe the data on the directed flow of hadref(y). Note that 3FD hydrodynamics provides
the best results with a crossover EoS for the quark-hadraseptransition which by default is
implemented in PHSD.

Still sizeable discrepancies with experimental measunesnia the directed flow character-
istics are found for the microscopic kinetic models,&yn <20 GeV and are common for both
HSD and PHSD (and UrQMD [52]) since the partonic degreesesdom are subleading at these
energies. We recall that the flow observables are not onlg atere the kinetic approaches have a
problem in this energy range. Another long-standing isstilee overestimation of pion production
as seen in Fig. 1 in the energy regime around the horn’ irkthérr™ meson ratio [53, 54] which
before has been related to a first order phase transitiontbetonset of deconfinement [55]. Our
flow analysis shows no indication of a first order transitiontsthat the question addressed in the
title of this work has to be answered with: no! However, weehtpund further strong evidence that
the dynamics of heavy-ion reactions at lower SPS and AGSymeis far from being understood
especially on the hadronic level. We speculate that extbag@roaches including consistently
chiral partners as well as a restoration of chiral symmeittyigh baryon density and/or tempera-
ture might lead to a solution of the problem as well as preeigeerimental studies at FAIR and
NICA [5].
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