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Optimal collision-energy range for realizing macroscopic high-baryon-density matter
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We investigate the volume and lifetime of the high-baryon-density matter created in heavy-ion collisions
and estimate the optimal collision-energy range to realize the high-baryon-density region over a large space-
time volume. We simulate central collisions of gold ions for the center-of-mass energy per nucleon pair
A/Svy = 2.4—19.6 GeV with a microscopic transport model JAM. We discover that the optimal range is around
«/Svv = 3—5 GeV, where a baryon density exceeding three times the normal nuclear density is realized with a
substantially large space-time volume. Higher and lower energies are disfavored due to short lifetime and low
density, respectively. We also point out that event-by-event fluctuations of the space-time density profile are
large, indicating the importance of the event selection in the experimental analysis.
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Introduction. Exploring the properties of matter at ex-
tremely high baryon densities that exceed several times the
normal nuclear density pp ~ 0.17 fm~> is one of the most
exciting frontiers in current physics. Such high-density envi-
ronment is realized in, for example, the core of neutron stars
and the core-collapse supernovae. Recent remarkable progress
in the observation of neutron stars through gravitational waves
from binary neutron-star mergers [1] and pulsar x-rays [2]
is providing valuable information for constraining the equa-
tion of state of the dense matter [3]. The form of matter in such
extreme conditions is determined by quantum chromodynam-
ics (QCD)—the theory of strong interaction—and is expected
to have rich phase structure [4]. Unveiling their properties
is one of the ultimate goals of nuclear physics. Experimen-
tal inputs are crucial to achieve this, since the first-principle
lattice-QCD calculation is difficult due to the notorious sign
problem [5] and the low-energy effective models, such as
the chiral effective theory, become invalid when the baryon
density exceeds about 2py [6-8].

Relativistic heavy-ion collisions are the only terrestrial
experiments to create such high-baryon-density matter and
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to study their properties in laboratories [9]. In these exper-
iments, dense and hot matter is created by colliding heavy
nuclei accelerated up to almost the speed of light with a
large accelerator. The experiments have been carried out at
various facilities such as the LHC [10], RHIC [11], and SIS18
[12], for a wide range of collision energies with the center-of-
mass energy per nucleon pair ,/syy up to 5 TeV. In the past
decades, the high-energy region ,/syy 2 100 GeV has been
extensively investigated at the LHC and RHIC. They are suit-
able for creating extremely hot but low-baryon-density matter,
and have succeeded in reproducing the primordial form of
matter in the early Universe—the quark-gluon plasma [13].
Recently, the lower energy range ./synv ~ 3—20 GeV, which
we call intermediate collision energies, is attracting renewed
attention. The intermediate energies are expected to be suit-
able for exploring high-baryon-density and low-temperature
matter. This energy range is actively investigated in the Beam-
Energy Scan (BES) program at RHIC [14] and NA61/SHINE
at SPS [15], and will be further studied worldwide [16] in
NICA [17], FAIR [18], HIAF [19], and J-PARC-HI [20].

Several experimental results support the formation of high-
baryon-density matter at the intermediate energy. First, the
rapidity distribution of net-proton number in collisions of
gold (Au) nuclei at ,/syy = 5—200 GeV [21] implies strong
stopping of baryon charges at midrapidity for the AGS energy
J/Svnv A~ 5 GeV and hence realization of high-baryon density.
Second, the thermal-statistical fit to the hadron yields provides
a more quantitative estimate, showing that the baryon density
at the chemical freezeout is maximized at /syy ~ 6—10 GeV
[22-25]. However, the baryon density obtained in these
analyses is not the maximum for a whole heavy-ion reaction,
since the chemical freezeout occurs at a late stage, where the
baryon density is diluted by the expansion.
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To investigate the maximum baryon density, one must
resort to dynamical models of heavy-ion collisions, such as
microscopic transport models [26—30], hydrodynamic models
[31-34], and hybrid models [35-38], as well as semianalytical
models [39]. Previous microscopic transport-model calcula-
tions predicted that the maximum baryon density at the center
of the collision system can exceed 8py for /syy 2 5 GeV
[26,40-43]. It has also been discussed that even higher densi-
ties over 10y can be reached in some collision events due to
large event-by-event fluctuations [42]. However, these studies
focus on the density at the center, and it is unclear how much
the dense region extends in space and time. The large spatial
and temporal sizes, besides the maximum baryon density,
are crucial for the dense matter to leave observable signals
in the final state. Despite its importance, to the best of our
knowledge, quantitative studies on the volume and lifetime of
the dense region and their dependence on ,/syy have not been
performed.'

The purpose of this Letter is to examine the space-time
volume of the high-baryon-density region in intermediate-
energy heavy-ion collisions. We will discover that the optimal
energy range that maximizes the space-time volume is around
/Svv = 3—5 GeV, for which the typical value of the density
is about a few times the normal nuclear density. These range
and density are significantly lower than the previous estimates
[22-26,40-43], and hence would provide crucial information
for the dense-matter study in heavy-ion collisions, e.g., detec-
tor design.

Measures. To quantify the volume and lifetime of the high-
baryon-density region in heavy-ion collisions, we propose the
following three measures. These measures are constructed
from the baryon density in the local rest frame (Eckart frame)?

()= L
P = mr

where J#(x) is the net-baryon current at each space-time
point x in the center-of-mass frame of a collision system and
y[J]:=1/{/1 = (J/J9)? is the Lorentz factor.

The first measure is the spatial volume that exceeds a
threshold density value py,,

ey

Vi(pmst) == / dxy[J ()], 2
p(X)>pn

where y[J] is inserted to define the volume in the local rest
frame. Second, we introduce a Lorentz invariant four-volume

! As a potentially relevant study, we note that Ref. [44] investigated
the space-time volume of the quark condensate in the low-density
regime.

2Equation (1) is ill-defined for J> < 0. We have carefully checked
that J?> < 0 occurs only when antibaryons are produced and is not
caused by numerical errors. Antibaryon production is well sup-
pressed for ./syy < 20 GeV. Hence, it is rare to have J? < 0. Even
if it happens, the value is found to be very close to zero within
the numerical accuracy. Therefore, in our simulation, we simply set
o(x) = 0 if we have J?(x) < 0.

Vi(pm) as®
Viow) = / didx. 3)
p(X)>pin

Finally, we define a measure of the typical lifetime of the
dense region as

Va(om)

_aem) 4
max[V3(om; )] @

T(p) =
where max[V3(pwm;1)] is the maximum of V3(py,; ) over time.
We compute Egs. (2)—(4) on an event-by-event basis, i.e., they
are constructed from J*(x) for each event.

Advantages of the measures are their simplicity and the
clarity of the physical meanings. They can be calculated
straightforwardly in a given dynamical model without any
further assumptions, once J* (x) is given. However, these mea-
sures are not concerned with the local equilibration, and hence
the local temperature nor the chemical potential. Whereas
local equilibration has been studied within some microscopic
transport models [45-50], it must introduce criteria for equili-
bration in a finite and dynamical system, leaving ambiguities
in the analysis and interpretation. Rather, we here avoid these
complications to present unambiguous results by ignoring
equilibration. Nevertheless, these measures can still constrain
the space-time profile of the equilibrated dense region, since
V3(pom, t) and V4(pm) obviously give the upper limits for the
space-time volumes of the equilibrated dense region. Further-
more, the formation of the dense region is of interest even
without equilibration because such high density can induce
intriguing phenomena, such as the chiral vortical effect [51]
and the nucleation of deconfined regions.

Simulation method. We investigate the ,/syy dependence
of the measures [Egs. (2)—(4)] in central Au + Au collisions.
We employ a microscopic transport model JAM [52,53] and
generate one thousand collision events with the impact pa-
rameter less than 3 fm, which roughly corresponds to the top
5% centrality cut. The simulations are performed with the
default setting of the version 2.5743, unless otherwise stated.
This version incorporates the recently-implemented covariant
cascade algorithm [54] and the Lorentz-vector version of the
relativistic molecular dynamics (RQMDv) with the mean field
of a soft momentum-dependent potential [55,56]. As shown
in Refs. [55,56], RQMDv can successfully reproduce various
experimental data, such as the collision energy dependencies
of the directed flows of protons and A over a wide range of
collision energies.*

3The integral in Eq. (3) diverges for py, < po, since nuclear matter
has the density p, for ¢+ < 0 and also nuclear clusters can be formed
during heavy-ion reactions, which can survive for a long time. We
thus limit ourselves to py, > 20, Where these effects are negligible.

“Nonetheless, we remind that the first-principle calculation of the
equation of state of dense QCD matter is unavailable and cannot
reject the possibility that other modellings or parametrizations would
be able to fit the data. Therefore, we need to keep in mind that
our results would still contain some uncertainties, which we left for
future work to be removed.
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FIG. 1. Time evolution of the spatial volume V3(py; ) in central
Au + Au collisions for several thresholds py, and collision energies
«/Snn- The thick-solid, dashed, and dotted lines represent MF, Cas-
cade, and FS results, respectively. The color bands around the MF
results show the 1o (denser) and 2¢ (lighter) bands of event-by-event
fluctuations. At the initial time ¢ = 0, the centers of the colliding
nuclei are separated by 2R, /yau + 3 fm in the longitudinal direction
with ya, being the Lorentz factor for the incident Au ions.

To define the baryon current J*(x) as a continuous quan-
tity, we smear the baryon density of particles at position
X, and momentum P} as J*(x):= Y, V/'Byg(x — X;; P),
where B, and V) = P}'/P) are the baryon number and
velocity of the bth particle,’ respectively, and g(x;P) :=
y[P1/(V2rr) expl—(x|* + (v [PV}, - x)*)/(2r)] s a rel-
ativistic Gaussian smearing function [59,60]. We use the
smearing width » = 1 fm for all particles, which is almost
the same size as the charge radius of protons [61]. The
smearing can be interpreted as intrinsic distribution of the
baryon density inside a particle or a technical coarse-graining
for numerics. The maximum value of the smearing function
g(0;0) ~ 0.37p9 is much smaller than pg, indicating that
a considerable number of baryons must overlap to realize
p(x) > po.

Simulation results. Figure 1 shows the time dependencies
of V3(pm;t) for various collision energies and threshold den-
sities. The thick-solid, thin-dashed, and dotted lines show,
respectively, the results from the full simulation with the mean
field (MF), the cascade mode (Cascade), where the mean field
is turned off, and the free-streaming mode (FS), where all the
interactions are switched off. Cascade and FS are shown as
guidelines to clarify the physics behind the full simulation
result (MF). In particular, the deviations from the FS result,
which only takes into account a simple overlapping of two

>In general, the velocity V#* can receive correction from the mean
field [57,58]. However, we neglect it since we have checked that its
effect is well suppressed.

oo

max[V3] — 7 —  pw/po=3,4,5,6

)

\S)

(max[V3])"? [fm] or 7 [fm/c]
N

=)

10 20

5
vVsav [GeV]

FIG. 2. MF results for the collision-energy /sy dependence of
the maximum volume max[V3] (solid) and the lifetime t (dashed)
in central Au + Au collisions. The bands show the event-by-event
fluctuations as in Fig. 1.

Lorentz-contracted nuclei, indicate the effects of the baryon
stopping induced by interactions.

One observes that Vi(pwm;t) for pm/po =3 has the
maximum value max[Vs(pn:£)]'/? ~ 6 fm for all collision
energies. We regard this length scale as “macroscopically”
large,® since it is much larger than the typical microscopic
length scale of the system &1 fm, determined by the interac-
tion range and the sizes of hadrons. Additionally, the achieved
length scale is comparable to the radius of the colliding gold
ions Ra, =~ 6.4 fm and thus is “maximally” large in the sense
that the overlap of two nuclei cannot result in a volume larger
than %Riu. Regions with py, /00 > 3 are created with smaller
Va(pm;t), which increase with ,/syy. We also find that the
dense region disappears more quickly for larger /syy.

When comparing MF with Cascade, one finds that
V3(pm;t) is more suppressed in MF. This is because the re-
pulsive mean field [55] makes the matter less compressed
[62]. The mean-field effect becomes more important for lower
collision energies, especially for ,/syy < 3.0 GeV. The com-
parison between MF and FS shows that V3(pg;¢) is enhanced
by the interaction. Due to collisions, the particles are deceler-
ated and gather around the collision point, forming up a dense
region. Note that the achievable density for FS can naively be
estimated as p/po & /syy/my (With my = 1 GeV being the
nucleon mass) due to the Lorentz contraction, provided that
the colliding nuclei are uniform. In reality, however, the max-
imum density can exceed this value significantly (i.e., V3 > 0
even for pw/po0 > /Sny/my) because of the nonuniform den-
sity distribution inside the colliding ions due to event-by-event
fluctuations.

In order to examine the ./syy dependence observed in
Fig. 1 quantitatively, we show max[V;3(pw;?)] and t(py) as
functions of /sy in Fig. 2. It shows that max[V3(pwm;1)]
grows and saturates with increasing ./syy. Meanwhile, 7 (o)

®By macroscopic, we only mean the largeness of the length scale
and do not require that the number of particles consisting the matter
is large, i.e., we do not mean the thermodynamic limit.

L011901-3



TAYA, JINNO, KITAZAWA, AND NARA

PHYSICAL REVIEW C 112, L011901 (2025)

——

14001 ~ ME —

/ ~o

1200+ N
800
600
400 H
200

0

Cascade -—— FS oo

i 4
pwlpo=3,4,5,6 00

£
S

5 10
vVswnv [GeV]

FIG. 3. The collision-energy ,/syy dependence of the space-time
volume V,(py) in central Au + Au collisions. The meanings of the
lines and bands are the same as Fig. 1.

decreases except for pw/po = 5 at low collision energies,
where the formation of the region with p(x) > py scarcely
occurs.

To obtain an observable signal of dense matter, it is rea-
sonable to expect that both the spatial volume and the lifetime
are large.” The optimal /Sy to maximize max[V3(om;?)]
and t(py) simultaneously may be estimated from the cross-
ing point of the solid- and dashed-blue lines in Fig. 2.
Taking puw,/po = 3 as an example, it is located at /syy ~
2.6 GeV, where a macroscopically large space-time vol-
ume, max[Vs(pm;1)]"3 = t(pn) &~ 5.5 fm, is realized. For
P/ po = 4, the crossing point is located at \/syy ~ 2.8 GeV
with max[V3(pm; )]/ = t &~ 4 fm, which is smaller than the
result for py/po = 3, but still occupies a certain space-time
volume of the reaction zone. Similar arguments suggest that
an experimental analysis of the matter with p(x)/pp 2 5 is
challenging, as max[V3(pom;?)] and 7 (pg ) are suppressed and
are no longer macroscopically large.

One can make a similar estimate of the optimal ,/syy
for V4(pw). Figure 3 shows /syy dependence of Vi(om),
which indicates that the MF result for each py has a plateau
around the maximum. We identify the optimal energy range
for V4 (pm) with these plateaus and find that the optimal ranges
are given by ,/syy ~ 3—5 GeV and ,/syny ~ 5—7 GeV for
pm/po = 3 and 4, respectively. In the optimal energy ranges,

"To be precise, the signals become larger, by definition, for exten-
sive quantities, such as particle yields, as we increase the space-time
volume of the fireball. On the other hand, intensive quantities such
as conductivity should not be affected by the space-time volume.
Nonetheless, it is impossible to directly measure such intensive
quantities in heavy-ion-collision experiments; instead, what we can
actually measure is the particle yields, which are extensive and with
which we extract the information of intensive quantities indirectly.
Having said that the largeness of the space-time volume is a nec-
essary condition to have a sizable signal for extensive quantities,
we note that there arise contaminations to the signal from various
other factors such as the lifetime of the hadronic stage, making the
signal-to-noise ratio worse. It is important to consider these factors
when making a quantitative prediction.

the four volumes are [Vi(pm)]'/* ~ 5.8 fm and 4.9 fm, re-
spectively, which are almost the same as the values of
V3o, )]/ and 7(pm) at their optimal energy estimated by
the crossing points in Fig. 2. The optimal range estimated
from V,(pw) for each pg does not include the optimal energy
estimated from max[V3(powm;?)] and 7(pg ), but is slightly de-
viated to higher m . This is not an inconsistent result, since
the “optimality” depends on quantities to focus on in general.
Nevertheless, we note that max[V3(pwm;?)] and (o) remain
considerably large in the optimal energy range of V,4(pg).?

Wrapping up these results, we conclude that the region
with p(x)/po = 3 can be formed with macroscopically large
spatial and temporal sizes in central Au+ Au collisions.
The optimal range of ,/syy to maximize V4(pow) starts from
J/Svnv & 3 GeV and extends up to /syy ~ 5 GeV, where
max[Vs(om;t)] and t(py) also take macroscopically large
values.’ The optimal collision-energy range for p(x)/po > 4
is estimated to be slightly higher than that for p(x)/po > 3
and is located at ,/syy =~ 5—7 GeV. Compared to the pre-
vious research, the estimated optimal /sy is considerably
lower [22,42]. Although the maximum baryon density can
locally exceed p(x)/pp = 8, as shown in Refs. [40—-43], the
volume and lifetime of such high-baryon-density regions
are small.

Finally, we discuss event-by-event fluctuations, which are
driven by the positional fluctuation of nucleons on the col-
liding nuclei [62]. In Figs. 1-3, the colored bands show
the 1o (dense) and 2o (light) ranges of the event-by-event
distribution of the individual quantities. The figures show
that the locations of the optimal energy ranges stay robust
against the fluctuations, while the values of V3(pp;?), T, and
Va(pwm) can fluctuate significantly. For example, the upper and
lower bounds of the 2o band of Vi(ow) at /sny S 3 GeV
and pyn/po = 3 are 1250 and 850 fm*, respectively. In other
words, the values of V(3 ) in the top and bottom 2.5% colli-
sion events differ by a factor of more than 1250/850 ~ 1.5.
This means that, if a selection of such large- and small-V,
events is available, their comparison can be used to investigate
the properties of dense matter from the space-time-volume
dependence of experimental observables. As another exam-
ple, for pn/po =5, the lower 20 bound of max[V3(5p9, t)]
vanishes at \/syy = 3 GeV, whereas the upper bound is about
(3 fm)*. Exploiting these large event-by-event fluctuations

8 As a logical possibility, it is possible that either of V; or  is small
and that the smallness of it is compensated by the other to have a
large Vj. Our result eliminates this possibility.

0ne could further narrow the range or pinpoint a specific optimal
energy value by requiring additional conditions/assumptions (e.g.,
specify what physics process to focus, consider equilibration, and
take into account other characteristics such as vorticity [63] and
electromagnetic field [64,65]). However, it inevitably involves de-
tailed case-by-case analyses, and hence is omitted for the purpose
of the present Letter. Nevertheless, we stress that the optimal range
has already been constrained strongly by the space-time volume, and
such additional analyses would not alter the main conclusion of the
present work.
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may allow us to explore even denser regions in the experi-
ments.

Discussion. We have shown that a high-density matter with
p(x)/po 2 3 can be created with macroscopically large vol-
ume at intermediate collision energies. Since p(x)/pg = 3 is
the density expected to be realized in the core of neutron stars
[3,66], it is an important next step to pursue the connection
between the two realms. In heavy-ion collisions, observables,
such as the directed flow [67,68], dilepton yields [69-72], and
fluctuations of conserved charges [73-75], are expected to be
sensitive to the equations of state and the phase transitions.
Examining these observables based on our results on the
space-time-density profile enables us to further constrain the
properties of the matter at baryon densities relevant to neutron
stars. In the present study, we have focused on the measures
[Egs. (2)-(4)], which do not care about the equilibration of
matter. Although this ignorance is the key to realizing the
quantitative analysis of the space-time profile, the consider-
ation of equilibration, as well as the estimate of the resulting
temperature and chemical potential, is another important ex-
tension of this study to approach the matter properties in
equilibrium [62].

Let us discuss the model dependence of our results that
rely on JAM with a particular mean field, i.e., RQMDv with a
soft momentum-dependent potential. We have executed JAM
with other mean-field parameters, such as a hard momentum-
dependent potential and momentum-independent potentials
[55] for comparison. We have found that the choice of the
mean field only gives minor differences for \/syy > 2.4 GeV,
which are smaller than that between the MF and Cascade
results in Figs. 1 and 3 [62]. Therefore, the dependence on the
mean field is expected to be well suppressed. Nevertheless,
since these results are obtained within JAM, it is interesting to
reinforce our findings with other transport models.

Another characteristic of JAM is that it contains no explicit
quark and gluon degrees of freedom. Concerning this, we
note that recent experimental data on elliptic flow suggest
that the quark-number scaling, which is a possible signal of
the formation of the quark-gluon plasma [76], seems violated
for /syv S5 GeV [77-80]. Therefore, around the optimal
range /sy &~ 3—5 GeV, the quark-gluon plasma may be
unformed, or formed only within a small fraction of the total
system. Such a picture is also supported for \/syy S 10 GeV
from the transport-model calculations having both partonic
and hadronic degrees of freedom [30,81]. In this case, the
hadronic treatment would suffice. The analysis in Ref. [50]
also suggests that the impact of the phase transition on the
space-time evolution of the matter by softening the equa-
tions of state is small. Nevertheless, it is worthwhile to test
those expectations using models that include explicit quark

degrees of freedom such as AMPT [82,83], PHSD [81,84,85],
PHQMD [30], PACIAE [86], and hybrid models [37,38,87—
89], and that incorporate the phase-transition dynamics
such as UrQMD [70,90-92] and JAM with an advanced
option [50].

We comment on the relation of this study with the
event-by-event analysis of fluctuations in conserved charges
[73-75]. The large fluctuations of the space-time volume
shown in Figs. 1-3 may fake signals of the fluctuation
observables,!? which are important for the search for the
QCD critical point. Taming the fluctuations of the space-time
volume, which would in part be regarded as the volume fluc-
tuations [93,94], may be crucial in this energy range.

Summary. We have investigated the volume and lifetime
of the high baryon-density matter created in central Au + Au
collisions by introducing the three measures [Eqgs. (2)—(4)]
and estimated the optimal collision-energy range to realize
the largest space-time volume using a microscopic transport
model JAM. The numerical results suggest that the dense
region with p(x)/po 2 3 can be created with large volume
and lifetime with the optimal collision energy around ,/syy ~
3—5 GeV. Since this range is significantly lower than the
previous estimates [22,42], these findings are crucial for the
designs and interpretations of the near-future experiments
such as NICA, FAIR, HIAF, and J-PARC-HI, as well as the
current RHIC-BES program and NA61/SHINE.
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1We note that a heavy-ion system is genuinely nonequilibrium,
especially for intermediate energies. In such nonequilibrium situa-
tions, conserved quantities are not necessarily determined only by
the thermal parameters and finite-volume effects cannot be simply
eliminated by taking the ratio of the moments.
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