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Based on the recently updated Isospin-dependent Boltzmann-Uehling-Uhlenbeck (IBUU) trans-
port model, we studied the effects of symmetry energy on the neutron to proton n/p ratio and
the 7~ /7" ratio in central *2Sn +'2* Sn reaction at 300 MeV /nucleon. It is found that the n/p
ratio and the 7~ /7T ratio in central **?Sn 4-'2* Sn reaction at 300 MeV /nucleon mainly probe the
symmetry energy in the density region 1-1.5 times saturation density. However, the 7~ /7" ratio
may be able to probe the density-dependent symmetry energy above 1.5 times saturation density by
making some kinematic restrictions such as the azimuthal angle and kinetic energy cuts of emitting

pions.

PACS numbers: 25.70.-z, 21.65.Mn, 21.65.Ef

I. INTRODUCTION

The equation of state (EoS) of nuclear matter at den-

sity p and isospin asymmetry § (6 = (pn — pp)/(Pn + Pp))
can be expressed as [1, 2]

E(p,8) = E(p,0) + Egym(p)d” + O(3"), (1)

where Egym(p) is nuclear symmetry energy. Nowadays
the EoS of isospin symmetric nuclear matter E(p,0) is
relatively well determined [3] but the EoS of isospin
asymmetric nuclear matter, especially the high-density
behavior of the nuclear symmetry energy is still very
uncertain [4], e.g., there are plenty of analyses showing
conflicting results on pion production [312] when com-
pared to FOPI data [11] at GSI. Constraints on the high-
density behavior of the symmetry energy from ground-
based measurements can be highly relevant to neutron
stars |13], such as their stellar radii and moments of in-
ertia, crustal vibration frequencies [14, [15], and neutron
star cooling rates [14, [16].

It is known to all that the so-called symmetry-energy-
sensitive hadronic observables of probing the symmetry
energy at supra-saturation densities in heavy-ion colli-
sions inevitably suffer from affections of the symmetry en-
ergy at low densities as well as the final-state interactions,
it is thus necessary to study the probed density region of
some symmetry-energy-sensitive observable more specif-
ically [17]. Experimentally, related measurements of pi-
ons, nucleon, triton and 3He yield ratios in 32Sn 4124 Sn
reactions at 300 MeV /nucleon, are being carried out at
RIBF-RIKEN in Japan |18] using the SAMURAI-Time
-Project-Chamber [19]. And the main goal of the experi-
ments is the probe of the symmetry energy around twice
saturation density.

In order to check whether the above measurements
can probe the symmetry energy around twice saturation
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density, we in this work study the probed density re-
gion of the symmetry energy of some symmetry-energy-
sensitive observables in '32Sn +!24 Sn reaction at 300
MeV /nucleon. Our studies are based on the newly up-
dated Isospin-dependent Boltzmann-Uehling-Uhlenbeck
(IBUU) transport model, which includes physical consid-
erations of nucleon short-range correlations, in-medium
inelastic baryon-baryon cross section and momentum-
dependent pion potential [20-22]. Our studies show
that neutron to proton ratio and 7~ /7% ratio in cen-
tral 132Sn +124 Sn reaction at 300 MeV /nucleon mainly
probe the symmetry energy around saturation density,
i.e., probe the symmetry energy in the density region 1-
1.5 times saturation density. But the 7~ /7" ratio may
be able to probe the density-dependent symmetry en-
ergy at maximal density reached in heavy-ion collisions
by making some kinematic restrictions of emitting 7’s.

II. A BRIEF DESCRIPTION TO THE IBUU
TRANSPORT MODEL

The present used Isospin-dependent Boltzmann-
Uehling-Uhlenbeck (IBUU) transport model 20, 21] has
its origin from the IBUU04 model [23]. In this model,
the proton and neutron momentum distributions with
high-momentum tail reaching about twice the Fermi mo-
mentum are used [20]. The isospin- and momentum-
dependent baryon mean-field potential is expressed as

Us(p,8,5,7) = Au(z)2Z + Aj(z) 2z
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where pg denotes saturation density, 7,7 = 1/2(—1/2)
for neutron potential U, (proton potential U,), § =
(pn — pp)/(pn + pp) is the isospin asymmetry, and p,, pp
denote neutron and proton densities, respectively. The
specific values of the parameters used in the above baryon
potential can be found in Ref. [21]. For baryon resonance
A potential, the forms of

Ug = U, (3)
va' = 2y, 4ty (4)
B - 3 n 3 p»
+ 1 2
Usg = gUn—i—gUp, (5)
vt =, (6)

are used. In these baryon potentials, different symmetry
energy’s stiffness parameter x can be used in the above
baryon potentials to mimic different forms of the symme-
try energy.

The isospin-dependent baryon-baryon (BB) scattering

cross section in medium aggdi“m is reduced compared

with their free-space value o5 by a factor of

medium

BB free
R O-BBelastic,inelastic

medium (p7 5’m = BBelasMc,inelasMc
= (Wpp/rBB), (7)

where upp and ;g are the reduced masses of the collid-
ing baryon-pair in free space and medium, respectively.
And the effective mass of baryon in isospin asymmetric
nuclear matter is expressed as

* dU
mB_{1+mB B}'
mp

p dp
In this model, the isospin-, density- and momentum-
dependent pion potential is also included [22]. More de-
tails about this model can be found in Ref. [20-22].

Sensitivities of neutron to proton ratio and 7~ /7t
ratio to nuclear symmetry energy have in fact been
examined by Li in central '?#Sn+!24Sn reactions at
400 MeV /nucleon in 2003 with an Isospin-dependent
Boltzmann-Uehling-Uhlenbeck (IBUU) transport model
[24]. Compared with the IBUU model used in 2003 in
Ref. [24], the newly updated IBUU model here consid-
ered the in-medium effects of nucleon-nucleon or baryon-
baryon elastic and inelastic scatterings and the propa-
gation of pion meson in medium. Moreover, we consid-
ered the effects of nucleon short-range correlations on
nuclear initialization and kinetic symmetry energy cal-
culation [21]. Of course, the momentum-dependence of
single particle potential is also included [20-22].

Shown in Fig. [[l are comparisons of average neu-
tron/proton ratio above normal nuclear matter density
and 7~ /7% ratio as a function of time in the same
124G +124Gn reaction at 400 MeV /nucleon with different
IBUU transport models but almost the same stiff or soft
density-dependent symmetry energies. In the left panel
we compare the average (n/p),>,, of the whole space
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FIG. 1: (Color online) Comparisons of average neu-
tron/proton ratio with densities higher than the normal nu-
clear matter density as a function of time (Left panel) and
7n~/nt ratio as a function of time (Right panel) calculated
with the IBUU model used in 2003 in Ref. [24] (shown with
lines) and that with the IBUU model used in 2016 in Ref. |21]
(shown with symbols). The solid (dashed) lines or solid (hol-
low) symbols are the results using almost the same stiff (soft)
symmetry energy.

where the local densities are higher than the normal den-
sity pg. With both IBUU models, effects of the symme-
try energy on the (n/p)y>,, is clearly seen when a suffi-
ciently high compression has been reached. The value of
(n/p) p>po With the IBUU of 2016 version is overall higher
than that with the IBUU of 2003 version. The difference
of predictions is more clearly seen in the right panel of
Fig. [l the 7~ /#xT ratio as a function of time. While
keeping almost the same sensitivity of the 7= /7T ratio
to the density-dependent symmetry energy, the value of
7~ /7 ratio calculated with the IBUU used in 2003 is
much lower than that calculated with the updated IBUU
model in 2016.

The reasons of difference may from several aspects.
The used momentum dependence of the single particle
potential in the IBUU2016 decreases the free neutron
to proton ratio, which is a direct reflection of the de-
creasing symmetry potential with momentum [25]. The
small value of free neutron to proton ratio causes high
neutron to proton ratio of dense matter, which corre-
sponding a high value of 7~ /7 ratio [26]. As dis-
cussed in Ref. [27], the in-medium cross section of pp
(proton-proton) colliding pair is reduced more than that
of nn (neutron-neutron) colliding pair. The effects of in-
medium nucleon-nucleon scattering cross section on the
7w+ production is thus larger than that of 7#—. Therefore
the in-medium effect increases the value of 7~ /7" ratio
[27). While in fact in the IBUU2003, the free nucleon-
nucleon cross section was used. The asymmetry of reac-
tion '¥2Sn 4124 Sn is roughly the same as that of Au+Au
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FIG. 2: (Color online) Maximal baryon density reached in
central '32Sn +'2* Sn reaction at 300 MeV /nucleon with stiff
(x = 0) or soft (x = 1) symmetry energies. The corresponding
symmetry energy functionals with x = 0 (stiff) and 1 (soft)
are depicted in the inset. To check whether or not the symme-
try energy at densities above 1.5p¢ affects symmetry-energy-
sensitive observables, we also calculated the case xp<1.5p, =
1, Xp>1.50, = 0 for comparison.

reaction system, and also the value of 7= /7™ ratio de-
creases as the incident beam energy [28, 29], the value
of 7= /7t ratio in '¥2Sn +12* Sn at 300 MeV /nucleon
should be not smaller than that in Au+Au reaction at
400 MeV /nucleon. Since we give a reasonable prediction
of 7~ /T ratio (7~ /7" ~ 3) in AutAu reaction at 400
MeV /nucleon [21], the present prediction of the value of
7~ /7t ratio in 132Sn+-124Sn at 300 MeV /nucleon should
be also roughly correct. And since the isospin-sensitive
observables are sensitive to the detailed tactics of trans-
port model code, besides the differences of main inputs
in transport models, some specific details of algorithm
may also affect the results.

IIT. RESULTS AND DISCUSSIONS

To probe the symmetry energy at supra-saturation
densities, it is necessary to first show the maximal density
reached in heavy-ion collisions. Shown in Fig.[2lis evolu-
tion of the central baryon density in 32Sn +!24 Sn reac-
tion at 300 MeV /nucleon with different symmetry energy
settings. The corresponding symmetry energy function-
als with x = 0 (stiff) and 1 (soft) are depicted in the
inset of Fig. 2l It is seen that in 132Sn +!24Sn reaction at
300 MeV /nucleon, the maximal baryon density reached
is about 1.7 times saturation density. Therefore, the cen-
tral reaction of 132Sn+124Sn at 300 MeV /nucleon may be
not able to probe the high-density behavior of the sym-
metry energy around twice saturation density. To check
whether or not the symmetry energy at densities above
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FIG. 3: (Color online) Evolution of neutron to proton ratio
n/p in isospin fractionation. The n/p ratio of in gas phase
is shown in panel (a). Panel (b) shows the n/p ratio of in
liquid phase and panel (c) denotes the strength of isospin
fractionation. We identify free nucleon by its local density

p < 1/8po.

1.5p¢ affects symmetry-energy-sensitive observables, we
also calculated the case X,<1.50, = 1, Xp>1.50, = 0 for
comparison. The setting of changing x from 1 to 0 at the
density point 1.5p¢ is just a mathematical trick to show
whether or not the symmetry energy at densities above
1.5pg affects values of the n/p ratio or the 7~ /7T ratio.

Nuclear matter formed in heavy-ion collisions is
demonstrated to exhibit a phase transition between a
Fermi liquid and a nucleonic gas, and the gas phase is
more enriched in neutrons than the liquid phase repre-
sented by bound nuclei [30]. To demonstrate the isospin
fractionation in the central 2Sn +'24 Sn reaction at 300
MeV /nucleon, we analyzed the neutron to proton ratio
n/p in isospin fractionation. Fig. B] shows evolution of
neutron to proton ratio n/p in isospin fractionation. We
identify free nucleon by its local density p < 1/8py. From
panel (a), we see that the value of n/p ratio of gas phase
is larger than the value of the reaction system 1.56 and
from panel (b) we see that the value of n/p ratio of lig-
uid phase is smaller than the value of the reaction sys-
tem 1.56. The value of the n/p ratio of gas phase is thus
larger than that of the liquid phase. From Fig. [3 one
can clearly see that the value of the n/p ratio in isospin
fractionation is evidently affected by the symmetry en-
ergy. For the stiffer symmetry energy x = 0, the value
of the n/p ratio of gas phase is larger than that with the
softer symmetry energy x = 1. The stiffer symmetry en-
ergy repels neutrons more strongly, thus more neutrons
become free in the 132Sn +124Sn reaction. The larger the
value of the n/p ratio of gas phase, the smaller the value
of the n/p ratio of liquid phase.
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FIG. 4: (Color online) Evolution of the 7~ /7" ratio in the
central '32Sn 4-'2* Sn reaction at 300 MeV /nucleon with dif-
ferent symmetry energy settings.

From Fig. Bl one can also see that the effects of
the symmetry energy above 1.5 times saturation density
can be neglected in the 132Sn +!24 Sn reaction at 300
MeV /nucleon. Although the maximal density of com-
pression matter can reach about 1.7 times saturation
density as shown in Fig. [2 baryons have large probabil-
ity lying in the density region below 1.5 times saturation
density in the whole reaction process |17]. This is the
reason why the n/p ratio probes the symmetry energy
below 1.5 times saturation density. Note here that the
n/p ratio probes the symmetry energy of high density.
We can see this point from pane (a), the value of the n/p
ratio of gas phase with the stiff symmetry energy (x =
0) is larger than that with the soft symmetry energy (x
= 1). Because there is a crossover of different density-
dependent symmetry energies at the saturation density
point as shown in the inset of Fig. Bl the value of n/p
ratio of gas phase with the stiff symmetry energy (x =
0) should be smaller than that with the soft symmetry
energy (x = 1) if isospin fractionation in 32Sn +!24 Sn
reaction at 300 MeV /nucleon is mainly affected by the
low-density behavior of the symmetry energy.

According to A resonance model [31], 7~ /7T ratio
is approximately equal to (5N%2 + NZ)/(5Z2 + NZ) =~
(N/Z)? in central heavy-ion reactions with N and Z be-
ing the total neutron and proton numbers in the partic-
ipant region |31]. Since the neutron to proton ratio in
dense matter formed in heavy-ion collisions is sensitive
to the symmetry energy |23], the 7= /7T ratio is a poten-
tial sensitive probe of the symmetry energy. With this in
mind, both the 7~ /7% single |23] and double ratios [32]
were studied to show sensitivities to the high-density be-
havior of the symmetry energy. But specific density re-
gion that the 7= /7™ ratio probed in heavy-ion collisions
was seldom studied until very recently |17].
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FIG. 5: (Color online) Average multiplicity of 7, 7t as a

function of x parameter in the reaction '*2Sn + '?4Sn at a
beam energy of 300 MeV /nucleon with an impact parameter
of 1 fm.

Fig. E shows evolution of the 7~ /7% ratio in central
1328n 4124 8n reaction at 300 MeV /nucleon with different
symmetry energies. The 7~ /7 ratio reads as |24]

- T+ AT+ 2A0
n/nt = - o = —. 9)
T + A + gA

From Fig. @ one sees that the soft symmetry energy (x
= 1) corresponds to a larger value of the 7~ /7T ratio
while the stiff symmetry energy (x = 0) corresponds to
a smaller value. This is consistent with the studies in
Refs. [23, 132, 133]. Again, one sees that the effects of
the symmetry energy above 1.5 times saturation den-
sity can be neglected. This is understandable from the
n/p ratio of liquid phase shown in panel (b) of Fig.
The stiff symmetry energy (x = 0) corresponds to a low
value of the n/p ratio of liquid phase, thus less (N/Z)?
value in the participant region. A small (N/Z)? value
in the participant region corresponds to a small value of
the 7= /7T ratio. As similar discussions in Fig. Bl here
the 7= /7" ratio in central ¥2Sn +124 Sn reaction at 300
MeV /nucleon still probes the high-density behavior of
the symmetry energy. The result that the 7= /7T ratio
probes the symmetry energy in the density region 1-1.5
times saturation density in central *2Sn 4124 Sn reaction
at 300 MeV /nucleon is consistent with the recent study
in Ref. [17], while the latter study is based on a trans-
port model with the momentum-independent baryon po-
tential and the free baryon-baryon inelastic cross section
and without considering nucleon short-range correlations
[21].

Fig. Bl shows average multiplicity of 7—, 77 as a func-
tion of x parameter in the reaction '32Sn 4 !24Sn at a
beam energy of 300 MeV /nucleon with an impact param-
eter of 1 fm. It is seen that the yield of 7~ is about 3

+
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FIG. 6: (Color online) Production of A resonances as a func-
tion of time with different x parameters in the reaction of
132G 4 121Gn at a beam energy of 300 MeV /nucleon and an
impact parameter of 1 fm.

times that of 7+ in central 32Sn + '24Sn reaction at a
beam energy of 300 MeV /nucleon. And 7~ production
is sensitive to the symmetry energy while 7+ production
is not sensitive to the symmetry energy. The number of
produced 7~ (7T) is about 1.1 (0.38) per event in the
central 132Sn + 248n reaction at 300 MeV /nucleon.

As shown by Eq. (9), pion production is from the de-
cay of A resonance, it is thus necessary to also show the
production of different A resonances in 32Sn 4+ '24Sn
reaction. Fig. [l shows the production of A resonance
as a function of time with different x parameters. It is
seen that A~ and A%+ productions are sensitive to the
symmetry energy and have opposite effects of the sym-
metry energy. The symmetry energy above 1.5 times sat-
uration density has neglected effects. This is the reason
why 7~ /7T ratio shown in Fig. [dis less sensitive to the
symmetry energy at densities above 1.5 times saturation
density.

Fig. [0 shows kinetic energy spectra of 7=, 7+ with
different symmetry energies. It is seen that the kinetic
energy spectrum of 7~ are more sensitive to the symme-
try energy than that of 7. The kinetic energy spectra
of 77, ©* have opposite effects of the symmetry energy.
The soft symmetry energy (x = 1) causes more 7~ pro-
duction while it causes somewhat less 71 production. As
shown in Fig.[7 from the kinetic energy spectrum of 7,
the effects of the symmetry energy above 1.5 times sat-
uration density can be neglected. Therefore, the 7= /7™
ratio mainly probes the symmetry energy below 1.5 times
saturation nuclear density.

In order to probe the symmetry energy at maximal
density reached in heavy-ion collisions, one way is to re-
duce the strong interactions in the final state soon after
the probe produced at high density. Besides using elec-
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FIG. 7: (Color online) Kinetic energy spectra of m~, 71 with
different symmetry energies in the reaction of *?Sn + 24Sn at
a beam energy of 300 MeV /nucleon and an impact parameter
of 1 fm.
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FIG. 8: (Color online) m~ /7" ratio as a function of pion
kinetic energy in central '*2Sn +'?* Sn reaction at 300
MeV /nucleon with (b) and without (a) azimuthal angle cuts.

tromagnetic probe such as the hard photon [34], the other
way is to make some kinematic cuts such as the yield ra-
tios of squeezed-out nucleons and pions perpendicular to
the reaction plane [35, 136].

Shown in Fig. Bl is the 7~ /7T ratio as a function of
pion kinetic energy in central '32Sn +124 Sn reaction at
300 MeV /nucleon with (b) and without (a) azimuthal
angle (45 < ¢ < 13592250 < ¢ < 315° means the di-
rection perpendicular to the reaction plane) cuts. From



panel (a), one sees that below 150 MeV kinetic energy,
the soft symmetry energy (x = 1) corresponds to a high
value of the 7~ /7T ratio while the stiff symmetry energy
(x = 0) corresponds to a low value. Without azimuthal
angle cuts, the effects of the symmetry energy above 1.5
times saturation density are minor. While with the az-
imuthal angle cuts shown in panel (b), around 50 MeV,
the effects of the symmetry energy above 1.5 times sat-
uration density become larger, even play a major role
around the Coulomb peak [32]. Because the impact pa-
rameter in heavy-ion collisions is usually not zero, pions
emitted perpendicular to the reaction plane in general
have less final strong interactions suffered from low den-
sities. Pions emitted perpendicular to the reaction plane
thus more clearly reflect initial pion production at high
densities. Therefore, to probe the symmetry energy at
maximal density in heavy-ion collisions, it is necessary
to make some kinematic cuts for probes that are sen-
sitive to the symmetry energy. From the right panel of
Fig.[l it is seen that within the error bars and the exper-
imental problems in measuring pion observables, it is still
difficult to draw conclusions from comparisons to data.
However, one may conclude that the 7= /7" ratio may
be able to probe the density-dependent symmetry energy
above 1.5 times saturation density by making some kine-
matic restrictions.

In this regard, most potential observables that are
sensitive to the symmetry energy, such as free neu-
tron/proton ratio, 7= /7 ratio, t/3He ratio, differences
of nucleon transverse or elliptic flows, eta production
[37,138], etc., are needed to study on what conditions they
probe the symmetry energy at maximal density reached
in heavy-ion collisions.

IV. CONCLUSIONS

In summary, we simulated the effects of symmetry en-
ergy on n/p and 7~ /7" ratios in 132Sn +124 Sn reaction

at 300 MeV /nucleon that are being carried out at RIBF-
RIKEN in Japan using the SAMURAI-Time -Project-
Chamber. The maximal baryon density reached is about
1.7 times saturation density. The n/p and 7~ /7" ratios
generally probe the symmetry energy below 1.5 times
saturation density. However, the 7~ /7" ratio may be
able to probe the density-dependent symmetry energy
above 1.5 times saturation density by making some kine-
matic restrictions. To achieve the goal of probing the
symmetry energy at densities far from saturation den-
sity, more clean ways are needed to study on symmetry-
energy-sensitive observables.

In Ref. [39], it is shown that even if the main inputs
in different transport models are the same, many sim-
ulated physical quantities still have evident differences.
And since the isospin-sensitive observables are sensitive
to the detailed tactics of transport model code, the differ-
ences of the isospin-sensitive observables given by differ-
ent transport models should be even larger. To probe the
high-density behavior of nuclear symmetry energy, be-
sides using state-of-the-art inputs in a transport model,
some specific details of algorithm design should be also
treated seriously.
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