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Probing the incompressibility of dense hadronic matter near the QCD phase transition
in relativistic heavy-ion collisions
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Based on the extended hadronic transport model of relativistic heavy-ion collisions, the incompressibility of
dense hadronic matter created in relativistic Au + Au heavy-ion collisions at ,/syy =3 GeV is studied. By
comparing experimental proton directed flow, productions of strange hadrons ¢, K~ as well as their ratio ¢ /K,
proton high-order cumulants to the model calculations, a large incompressibility of dense hadronic matter is
obtained from nucleon observabels while a rather small incompressibility is needed to fit the data of strange
hadrons. This may indicate hadronic matter possesses different incompressibilities in different density regions,
i.e., the incompressibility may become stiffer from saturation density to a certain baryon density and then turn to
soft before reaching hadron-quark phase transition. The study also shows that the incompressibility significantly
affects the critical baryon density of hadron-quark phase transition.
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I. INTRODUCTION

One of the main goals of relativistic heavy-ion collisions
is to understand the properties of nuclear matter under con-
ditions of extreme energy and baryon density or to explore
the phase diagram of hot and dense nuclear matters [1-3].
A lot of circumstantial signals in relativistic heavy-ion col-
lisions have suggested the formation of quark-gluon plasma
(QGP) [4,5]. Currently it is commonly considered that at
small baryon chemical potential and high temperature, the
transition from hadronic phase to QGP phase is a smooth
crossover, whereas a first-order phase transition is expected at
high baryon chemical potential region. Due to its fundamen-
tal importance, the exploration of quantum chromodynamics
(QCD) phase diagram of strongly interacting nuclear matter is
the current focus of many research activities worldwide, both
theoretically and experimentally [6—10]. Indeed, mapping the
QCD phase diagram is the major scientific goal of the beam
energy scan (BES) program in heavy-ion collisions [2,11-13].
In astronomy, whether there is hadron-quark phase transition
in neutron-stars (NSs) with central densities of several times
nuclear saturation density is also of great interest in the study
of neutron star structure [14-20] and gravitational-wave (GW)
emission [21-23]. The study of the phase transition of QCD
matter from earth to space is thought to have crucial implica-
tions toward an unprecedented understanding of the early and
present universe [24]. It is worth noting that the exploration of
dense matter theory for heavy-ion collisions and neutron stars
has been one part of the new US Long-Range Plan in Nuclear
Physics [25].

By constructing equation of state (EoS) of nuclear mat-
ter created in heavy-ion collisions and simulating relevant
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observables and comparing with experimental data, one can
get related information on the stiffness of EoS as well as
the hadron-quark phase transition of nuclear matter [26-28].
Previous studies on nucleon directed and elliptic flows by
Danielewicz et al. showed the possible change in compress-
ibility with increasing baryon density [29]. Their studies seem
to very different from the recent results by Nara et al., the
latter explained the colliding energy dependence of the proton
directed flow with a single hadronic EoS [30]. Fortunately,
the recent STAR experiments clarified some facts on the
properties of dense QCD matter [31,32]. Theoretically, the
compressed baryon density reached in heavy-ion collisions
depends on the EoS used and the effects of the EoS on relevant
observables in heavy-ion collisions also depend on the com-
pressed baryon density reached. Interplay of the compressed
baryon density reached in heavy-ion collisions and the effects
of the EoS without or with the hadron-quark phase transition
at various densities complicates the question.

To probe the boundary of hadron-quark phase transition of
nuclear matter, constraints could be obtained from the recent
RHIC Beam Energy Scan-II program [31,33,34]. It is shown
from different aspects that hadronic interactions dominate in
matter created in relativistic Au + Au collisions at /syy =
3GeV, while it is not straightforward to obtain the baryon
density at which there is no occurrence of hadron-quark phase
transition in the Au + Au collisions at ,/syy = 3 GeV. Our
studies show that, to constrain the boundary of hadron-quark
phase transition of nuclear matter, one first needs to constrain
the incompressibility of dense hadronic matter near hadron-
quark phase transition.

II. AMPT MODEL WITH DIFFERENT MODES

A multiphase transport (AMPT) model [35] is recently
extended so that it can perform not only multiphase transport
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simulations with both parton and hadron degrees of freedom
but also pure hadron cascade with hadronic mean-field po-
tentials [36]. As a Monte Carlo parton and hadron transport
model, the AMPT model consists of four components, i.e.,
a fluctuating initial condition, partonic interactions, conver-
sion from the partonic to the hadronic matter, and hadronic
interactions [35]. The model has been extensively applied
to heavy-ion collisions at RHIC and LHC energies [37]. In
the AMPT model, 7, p, w, n, K, K*, ¢, N, A, N*(1440),
N*(1535), A, ¥, E, and 2 are included [38]. In the pure
hadron cascade model (AMPT-HC) [36], the Woods-Saxon
nucleon density distribution and local Thomas-Fermi approx-
imation are used to initialize the position and momentum of
each nucleon in colliding projectile and target. The parton
degree of freedom is switched off. In addition to the usual
elastic and inelastic collisions, hadron potentials with the test-
particle method are applied to nucleons, baryon resonances,
strangenesses as well as their antiparticles [36,39]. Since
the form of the single nucleon potential at high momenta
and high densities is still less known, to make minimum
assumptions, here we use the density-dependent single nu-
cleon mean-field potential U (p) = a% + ,3(%))’ with o =

k+44.73 Kk+255.78
(—42497.381 — 46.9 T ) MeV, g = 2345258 MeV, y =
Kk+44.

itos (po and k stand for the saturation density and incom-
pressibility of nuclear matter, respectively) to model the soft
and stiff EoSs [9]. As comparisons, the AMPT-SM mode with
quark transport is also used in the present studies.

III. RESULTS AND DISCUSSIONS

Recent observation of particle directed and elliptic flows in
1040 % centrality for Au + Au collisions at /syy = 3 GeV
at RHIC is clear evidence that predominantly hadronic matter
is created in such collisions and the QCD critical region, if
created in heavy-ion collisions, could only exist at energies
higher than 3 GeV [31,33,34], for example, the recent STAR
experimental studies on pion and proton elliptic flows show
behavior, which hints at constituent quark scaling (i.e., occur-
rence of quark matter) at /syy = 4.5 GeV [32]. The stiffness
and the maximum compressed baryon density of the hadronic
matter created in terrestrial laboratory have significant impli-
cations on the studies of the structure of neutron stars and the
QCD phase diagram. The slope of nucleon directed flow in
semicentral heavy-ion collisions reflects the stiffness of nu-
clear matter created by the collisions of participant nucleons in
target and projectile, thus is frequently used to probe the EoS
or the QCD phase transition [9]. Figure 1 shows the proton
directed flow v; as a function of rapidity given by the hadronic
transport model AMPT-HC with different incompressibilities
in the mean-field option. By comparing theoretical calcula-
tions with the variety of incompressibility to the experimental
data [31], one sees that a larger value of the incompressibility
is needed to fit the data. The proton directed flow v; thus
indicates a large incompressibility of dense hadronic mat-
ter created in Au + Au collisions at ,/syy = 3GeV. More
specifically, an incompressibility coefficient of & =~ 300 MeV
seems to be a good fit for the stiffness of the created hadronic
matter in Au + Au collisions at ,/syy =3GeV at RHIC.
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FIG. 1. Rapidity dependences of proton directed flow v, in
1040 % centrality for Au + Au collisions at ,/syy = 3 GeV given
by the AMPT-HC mode with different EoSs and the quark transport
AMPT-SM mode. The STAR data is taken from Ref. [31].

As comparison, the result of quark transport on the nucleon
directed flow studied here indicates predominantly hadronic
matter is created in such collisions. Nonmonotonic variation
with /syy of moments of the net-baryon number distribution,
related to the correlation length and the susceptibilities of the
system, is suggested as a signature for a critical point [40]. It is
interesting to see if such observable is also affected by the EoS
of dense hadronic matter since the moments of the net-baryon
number distribution reflect the properties of bulk nuclear sys-
tem. The cumulant ratios of proton multiplicity distributions
in Au+ Au collisions at ,/syy = 3 GeV were reported re-
cently [33]. A suppression with respect to the Poisson baseline
was observed in proton C4/Cy = —0.85 £ 0.09 £ 0.82 in the
most central 0-5 % centrality collisions at 3 GeV. Since the
quadratic variances is proportional to approximate £2, where
& is the correlation length, and the quartic one proportional
to £7 [41], the ratio of cumulants C;/C, ~ &°. Because the
soft EoS corresponds a larger correlation length &, the ratio
of cumulants C4/C, with the soft EoS should be larger than
that with the stiff one. Figure 2 shows the ratio of cumulants
C4/C; for proton in 0-5 % centrality for Au 4 Au collisions at
/svv = 3GeV given by the AMPT-HC model with different
incompressibilities in the mean-field option. It is seen that a
soft EoS or a small incompressibility coefficient corresponds
higher C4/C, ratio for proton cumulants. To fit the data, one
has to use a stiff EoS or a large incompressibility coefficient.
More specifically, the incompressibility coefficient of the cre-
ated hadronic matter in Au + Au collisions at /syy = 3 GeV
at RHIC seems to be k > 300 MeV. Again, the result of quark
transport on the C;/C, ratio studied here indicates predomi-
nantly hadronic matter is created in such collisions. Due to
strangeness conservation, K ~, ¢ mesons, once produced, are
rarely absorbed by the surrounding matter. The lack of final
state interactions makes strange meson a penetrating probe
for the EoS of dense matter produced in heavy-ion collisions.
Also the strange meson is usually produced at maximum com-
pression stage of nuclear collisions [36]. Figure 3 shows the
strange ¢ and K~ productions and their ratio ¢ /K~ in 0-10 %
centrality for Au 4 Au collisions at ,/syy = 3 GeV given by
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FIG. 2. The ratios of cumulants C;/C, for proton in 0-5 %
centrality for Au+- Au collisions at /syy = 3GeV given by the
AMPT-HC mode with different EoSs and the quark transport AMPT-
SM mode. The hatched area stands for the STAR data, taken from
Ref. [33].

the AMPT-HC model with different incompressibilities in the
mean-field option. It is seen that the yields of the strange
¢ and K~ productions are sensitive to the incompressibility
in the mean-field option while their ratio ¢/K~ is not af-
fected by the variety of the incompressibility evidently. In
heavy-ion collisions, the K~, ¢ productions are mainly from
baryon-baryon and meson-baryon or meson-meson collisions.
The larger compression of the colliding nuclei, the more
number of hadronic collisions occurs, thus more K~ and ¢
are produced. Since the maximum compression reached is
sensitive to the EoS, it is not surprising to see K~ and ¢
productions are sensitive to the EoS. The soft EoS causes
nuclear matter created in heavy-ion collisions to be more
compressed, thus more mesons are produced. For the K™,
in the present study, we used an attractive K~ potential in
nuclear matter [42]. For the ¢ meson, although the in-medium
corrections of the ¢ meson production were studied very
recently [43,44], considering currently there is no specific ¢
single particle potential in the literature as kaon’s, we did not
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FIG. 3. Strange ¢ and K~ productions and their ratios ¢/K~ in
0-10 % centrality for Au + Au collisions at ,/syy = 3 GeV given
by the AMPT-HC mode with different EoSs and the quark transport
AMPT-SM mode. The data is taken from Ref. [34].
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FIG. 4. Evolutions of the increment of sensitivity of incompress-
ibility dS/dt for different observables in Au + Au collisions at
Sy = 3GeV simulated by the AMPT-HC mode. The maximum
compressed baryon densities in a single central cell of 1 cubic Fermi
with two different EoSs are also shown.

use specific ¢ potential in the present study. Comparing to
the experimental data [34], it is found that a rather soft EoS
or a fairly small incompressibility is needed to fit the data
based on the model calculations. More specifically, the created
hadronic matter in Au + Au collisions at /syy = 3 GeV at
RHIC seems to be soft, with the incompressibility coefficient
of 75 < k < 150 MeV. While the results of quark transport
on the ¢ and K~ productions and their ratio ¢/K~ studied
here evidently deviate the data, thus suggests predominantly
hadronic matter is created in such collisions. The obtained
incompressibility or EoS of the hadronic matter created in
Au + Au collisions at /syy =3 GeV varies with different
observables as shown in Figs. 1-3. This indicates complexity
of the question of probing the properties of dense hadronic
matter by using different observables in heavy-ion collisions.

To show why various EoSs or incompressibilities are ob-
tained while using different observables via comparisons of
theoretical results and experimental data in Au + Au colli-
sions at ,/syy = 3 GeV, specific density regions probed by
different observables are demonstrated for Au + Au collisions
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at \/syy = 3 GeV. Figure 4 shows sensitive density region
of the incompressibility for different observables. Here the
sensitivity S = y(t)gos1 — Y(£)Eos2 With y(t)ges1 and y(t)gos2
being an observable’s values with two different EoSs. The sen-
sitivity increment is thus dS/dt, which reflects the situation
where and when the EoS plays a major role. It is seen that the
sensitive density region of the incompressibility for both the
proton directed flow v; and the proton multiplicity lies in the
3—4 py density region before maximum compression. Proton
emission is mainly decided by the strength of the gradient
force of nuclear mean-field potential which is proportional
to the gradient of baryon density. It is thus not surprising
to see the sensitivity of both the proton directed flow v
and the proton multiplicity to the incompressibility reaches
maximum before the maximum compression of nuclear
collisions.

While the strange K, ¢ are both secondary particles that
are produced in the process of nucleons’ and (or) mesons’
multiscatterings. So most strange mesons are produced around
maximum compression of colliding nuclei. Although the
larger gradient force of nuclear mean-field (or the larger gra-
dient of baryon density) may speed up nucleon motion thus
produce more mesons, these larger density gradients have mi-
nor effects compared with the maximum density compression.
Therefore it is understandable that the sensitive density region
of the incompressibility for strange mesons is around 3-5 pg
but still somewhat before the maximum nuclear compression
as shown in the bottom panel of Fig. 4. Since proton and
strange meson observables are sensitive to various density
regions of hadronic matter formed in heavy-ion collisions, it
is not surprising to see different EoSs or incompressibilities
are obtained from decoding relevant experimental data. In
general, the present studies demonstrate that hadronic matter

gradually softens as the density increases. This is exactly what
we expected, since a hadron-quark phase transition would
definitely occur at a certain baryon density point.

Another crucial implication of the present studies is that
the critical density of hadron-quark phase transition of nuclear
matter depends not only on the beam energy in heavy-ion
collisions but on the incompressibility of dense matter. This
is clearly shown in Fig. 4. Supposing hadron-quark phase
transition occurs in Au + Au collisions at \/syy = 3 GeV, the
critical density of hadron-quark phase transition may lie in
3-5 times saturation density, which depends on the incom-
pressibility of dense matter near the phase transition.

IV. CONCLUSIONS

In summary, by comparing the experimental data of nu-
cleon and strange meson observables, which have been carried
out at RHIC, to the theoretical calculations of hadronic trans-
port model in Au 4 Au collisions at ,/syy = 3 GeV, various
incompressibilities are obtained for hadronic matter created in
heavy-ion collisions. The studies imply that hadronic matter
gradually softens as the density increases from 3-5 times
saturation density. Also the critical density of hadron-quark
phase transition depends on the incompressibility of dense
hadronic matter.
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