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Within a transport model, we study the neutron-proton differential transverse flow and its excitation function
in central 1*>Sn + 2*Sn collisions at 270 MeV /nucleon. To more accurately evaluate effects of the high-density
behavior of symmetry energy Eqm(0) on this observable, we also consider the uncertainties of Eg,,(0) around
the saturation density pg. It is shown that the neutron-proton differential transverse flow and its excitation
function are mainly sensitive to the slope L of Egpn,(p) at po. However, the effects of low-density behavior
of Egm(p) on this observable should also be considered. Therefore, it is suggested that measurements of the
neutron-proton differential transverse flow and its excitation function may provide useful complements to the
constraints on L extracted from the spectral pion ratio in St RIT experiments.

DOLI: 10.1103/PhysRevC.106.014604

I. INTRODUCTION

Heavy-ion collisions (HICs) can directly generate high
density nuclear matter, and thus provide the opportunity to
explore the properties of strongly interacting matter at ex-
treme conditions. As an important input in simulations of
HICs, the isovector component of nuclear mean field, i.e.,
symmetry/isovector potential, is rather uncertain because
of the extreme challenge of relatively direct detection of
isovector potential in experiments. Using the nucleon-nucleus
scattering and (p, n) charge-exchange reactions [1-6], one can
only extract limited information of isovector potential at py.
As aresult, the determination of the Egyy, (0) term of the equa-
tion of state (EoS) of asymmetric nuclear matter (ANM) is
still unsatisfactory compared to the relatively good determina-
tion of the isospin-independent part of the EoS of ANM [7,8].
Presently, the best knowledge of Egyn(p0) is around 2,00/3,
for which its value is determined to be 25.5 &= 1 MeV from
nuclear masses and isobaric analog states [9—11]. At densities
greater than 2,0/3, the uncertainties in Egy,(0) grow mono-
tonically. For example, the Eg,(0) at oo, that is commonly
used as one of the criteria in fitting the parameters of the
isovector potential, still has greater uncertainties than that at
2p0/3,e.g.,32 =2 MeV [12] and 32.5 £+ 3.2 MeV [13]. Also,
the uncertainties for Esym(p) at suprasaturation densities are
rather larger, such as the reported value L = 106 & 37 MeV
[14] by a calculation of L correlated to the improved R.,.*? in
the PREX-II experiment [15].

Very recently, the St RIT Collaboration reported the results
of pion production in Sn 4 Sn collisions at 270 MeV /nucleon
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[16,17]. Moreover, through comparing the spectral pion ratio
with the simulation from a dcQMD model [18], they deduced
that the value of L is within the range from 42 to 117 MeV
[17]. Obviously, this value is consistent with that deduced
from the correlated calculation [14]. However, the uncer-
tainty for L is still rather larger and thus need to be further
constrained. We note that the motions of energetic nucleons
are directly influenced by the Egym(p) and its L value, and
thus might provide a more direct detection of the Egyp, (o) at
suprasaturation density. This is because these energetic partic-
ipants can originate in the regions that are compressed during
the violent early stages of HICs and be accelerated by the
symmetry potential, resulting in their momenta reflecting the
Egym(p) and its L value. Naturally, studies on the observables
relevant to these nucleons, as an important complement to
the pion spectra [19] and/or spectral pion ratio [17], may
shed more light on the Esy,(0) at suprasaturation densities.
Actually, as one of this kind of observable, elliptic flow is
more suitable to probe the Egyn(p) at suprasaturation density,
and the corresponding studies in Au + Au collisions have
already placed constraints on the Egp,(p) and its L value
[12,20]. As another candidate of this kind of observable, the
free neutron-proton differential transverse flow has also been
found to be more sensitive to the high-density behavior of
Egym(p) [21-24]. Therefore, we attempt to predict the sensi-
tivities of this observable to the symmetry energy, and thus to
benefit for the upcoming or ongoing measurements in St RIT
experiments.

II. THE MODEL

This study is carried out within an isospin- and momentum-
dependent Boltzmann-Uehling-Uhlenbeck (IBUU) transport
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model that has incorporated constraints [25] on the mo-
mentum dependence of isovector potential from the recently
reported pion data in StRIT experiments [16]. Specifically,
the nuclear interaction is an improved momentum-dependent
interaction (IMDI) expressed as
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In the framework, the present IBUU model originates from the
IBUUO4 [26,27] and/or IBUU11 [28] models. However, the
present version has been greatly improved to more accurate
simulations of HICs as briefly discussed in the following.

First, a separate density-dependent scenario [29,30] for
in-medium nucleon-nucleon interaction has been adopted for
a more delicate treatment of the in-medium many-body force
effects [30], which also affects significantly the pion produc-
tion in HICs [31]. Therefore, the B terms in Eq. (1) as well
in the expressions of A, and A; are different from those in
Refs. [32,33].

Second, a quantity quyom(PO) proposed in Ref. [28], i.e.,
the value of symmetry potential at infinitely large nucleon
momentum, is used to characterize the momentum depen-
dence of the symmetry potential at py as in Refs. [32,33].
It should be mentioned that this quantity is treated as a free
one in Refs. [32,33]. However, considering that the symme-
try potential with different US‘;°m(p0) even with the identical
Egym(p) can also lead to different pion yields in HICs, we have
carried out a study to constrain U (po) through comparing

TABLE I. The parameters x and z as well the corresponding L
values for Case I and Case II.

Parameters Case | Case II L (MeV)
X,z 0.4, —2.149 0.491,0 30.3
X,z 0,0.767 —0.032,0 62.0
X,z —0.4,3.712 —0.557,0 93.8
X,z —0.8, 6.656 —1.081,0 125.6

the pion observables of theoretical simulations for reactions
198G + 1128n and '*2Sn 4 '?*Sn with the data in SwRIT ex-
periments [16]. The central value of Usi"m(po) is constrained
approximately to be —160 MeV; see Ref. [25] for the details.

Third, considering that the Egn,(0) at po still has greater
uncertainties than that at 2py/3, we therefore introduce a
parameter z for C terms in the expressions of C, and C;
as in Refs. [32,33] to adjust the Egy,(0) at po. As the first
case, i.e., Case I, we take the value for the z parameter to
ensure Eg,(200/3) is 25.5 MeV. For comparison, we also
set the value of z as zero and take the value for Egm(00)
of 32.5 MeV, as commonly used; this case is denoted as
Case II. The parameters embedded in IMDI interactions are
determined by fitting identical experimental/empirical con-
straints on properties of nuclear matter at py for both Case I
and Case II, except the value of 25.5 MeV for Egy,(200/3)
used in Case I and 32.5 MeV for Egym(po) used in Case
II. Specifically, the values of these parameters are A,y =
Ay = —66.963 MeV, B =141.963 MeV, Cjp = —60.486
MeV, Cp = —99.702 MeV, 0 = 1.2652, A = 2.424pyy, and
Uffm(po) = —160 MeV, where py is the nucleon Fermi mo-
mentum in symmetry nuclear matter (SNM) at pyg. Moreover,
to study the effects of high-density behavior of Egny(p), we
adjust the x parameter to obtain four different L values for
both Case I and Case II. The parameters x and z as well the
corresponding L values are listed in Table I. It is seen that
except for the value of 6.656 for the z parameter being slightly
larger than the uncertainties of Egy,(0) at pg, the values are
all basically within the allowed uncertain range of Egym(0)
at po [12,13]. This feature can also be seen in the density
dependent Egy,(0) as shown in Fig. 1. It should be mentioned
that except the different symmetry energy criterion the param-
eters for Case I and Case II can lead to identical properties
for nuclear matter at py = 0.16 fm~>, i.e., the binding energy
—16 MeV, the incompressibility Ky = 230 MeV for SNM,
the isoscalar effective mass m; = 0.7m, the isoscalar potential
at infinitely large nucleon momentum Ug®(pg) = 75 MeV, as
well US‘;Om( po) = —160 MeV. Shown in Fig. 2 are the isoscalar
and isovector potentials at py for Case I and Case II. Since
the parameters x and z only affect the isovector properties
of ANM, the isoscalar potentials for Case I and Case II are
the same and are also compatible with the results of Hama
et al. [34,35]. Moreover, since the x parameter only affects
the isovector properties of ANM at nonsaturation densities for
both Case I and Case II, as well the identical z values used
for Case II, we can observe that the isovector potentials at pg
even with different L values for Case II are also identical to
each other. In contrast, since the z parameter is used to ensure
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FIG. 1. Density dependence of the Eyp, (0) for Case I and Case IIL.

Egym(2p0/3) to be 25.5 MeV for Case I by adjusting Esym (00),
it naturally affects isovector potentials at py. Therefore, we
can see that the isovector potentials at py with different L for
Case I are slightly different due to the different z values used
for different L in Case I. However, the differences of isovector
potentials in Case I from those in Case II are very tiny.
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FIG. 2. Upper: Kinetic-energy dependent isoscalar potential

(a) at py in comparison with the Schrodinger-equivalent one obtained
by Hama et al. Lower: Kinetic-energy dependent isovector potential
(b) at pg for Case I and Case II.
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FIG. 3. Differential transverse flows of free neutrons p’; and pro-
tons p? as a function of the center-of-mass rapidity y.m .

Fourth, to more accurately simulate HICs, we also give
detailed consideration of the A and pion potentials as well
as electromagnetic effects in HICs; see Refs. [25,36-38] for
more details.

III. RESULTS AND DISCUSSIONS

Now, we present the results for the '¥2Sn + 12*Sn reaction
at 270 MeV /nucleon with an impact parameter of b = 3 fm.
The free neutron-proton differential transverse flow is mea-
sured by [21-24]

N()
ip
PPy = N(y)prl
_ NG NG, 6
NG) (P Vo) (PPO). (6)

where N,(y), Ny(y), and N(y) denote, respectively, the num-
bers of free neutrons, protons, and total nucleons with local
densities less than p/8 at rapidities y, and 7; is 1 for neu-
trons and —1 for protons. From this formula, we can see
that the isospin fractionation effects are incorporated into the
collective flow [39] of both neutrons and protons through
N,(y)/N(y) and N,(y)/N(y). To understand this effect, we
show first in Fig. 3 the collective flow of free neutrons and
protons as a function of the center-of-mass rapidity. First, it is
seen that, consistent with the previous result in Ref. [21], the
proton flow is less sensitive to L but higher than the neutron
flow due to the Coulomb repulsive effects. Second, with a
certain L, we can observe that the transverse flows either for
neutrons or protons are not changed essentially in the left and
right panels of Fig. 3. This means that the transverse flow is
relatively insensitive to the actual value for Eg,(p) at any
given density, but is mainly sensitive to the slope of Egm(0),
which governs the pressure that the symmetry energy provides
in a neutron-rich system as well dense astrophysical environ-
ments such as neutron stars. It should be mentioned that this
finding is similar to that observed in the ratios/differences
of neutron vs proton elliptic flows in Refs. [12,40] as well
that observed much earlier in Ref. [7]. Nevertheless, the
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FIG. 4. N,(y)/N(y) and N,(y)/N(y) with L =30.3 MeV and
125.6 MeV as a function of the center-of-mass rapidity y. . .

sensitivities of transverse flows to L are not obvious either
for neutrons or protons. Shown in Fig. 4 are N,(y)/N(y)
and N,(y)/N(y) as a function of the center-of-mass rapidity,
respectively. First, since the mass between the target and pro-
jectile has a little difference, we thus observe that the shapes
of both N,(y)/N(y) and N,(y)/N(y) are a little asymmetric
between the target and projectile rapidities. Second, it is seen
that varying L from 30.3 to 125.6 MeV causes more (less)
free neutrons (protons) on the whole for both Case I and
Case II. Certainly, we can also find that effects of L on either
N,(y)/N(y) or N,(y)/N(y) are reduced somewhat in midra-
pidities for Case II compared to those for Case I. Also, the
effects even reverse at the target and/or projectile rapidities.
To understand these observations, we show in Fig. 5 the
isovector potential of Case I and Case II at both 0.5y and 2 py.
First, it is seen that L affects the isovector potentials mainly at
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FIG. 5. Kinetic-energy dependent isovector potential at p =
0.509 and p = 2p, for Case I and Case II.
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FIG. 6. Neutron-proton differential transverse flows as a function
of the center-of-mass rapidity yc ..

high densities, and thus the high-density behavior of Egy, ()
dominates N, (y)/N(y) and N,(y)/N (y). Moreover, varying L
from 30.3 to 125.6 MeV, the neutrons feel stronger repulsive
effects while the protons feel stronger attractive effects on the
whole for both Case I and Case II. Naturally, we can observe
more free neutrons but less free protons with larger values for
L. Second, we observe that the differences of isovector poten-
tials at 2pp between Case I and Case II are negligible, while
the differences of isovector potentials at 0.5py with different
L are smaller in Case I than those in Case II. This is exactly
due to the more accurate criterion, i.e., Egn(200/3) = 25.5
MeV, used in Case I that reduces the effects of L on the
isovector potentials and Egyn, (o) at subsaturation densities.
Moreover, since the effects of L on the isovector potentials at
low densities are opposite to those at high densities, the effects
of high-density symmetry energy/potential on observables
at compression stages are likely to be smeared out by low
density symmetry energy/potential at the expansion stages.
In particular, nucleons with target and/or projectile rapidities
experience longer time in the expansion stages and emit later
compared to those at midrapidities; the effects of low density
symmetry energy/potential on observables are naturally con-
siderable. This is the reason we observe in Case II that the
isospin fractionation effects are reduced slightly at midrapidi-
ties but reversed at target and/or projectile rapidities.

Now, we turn to the free neutron-proton differential trans-
verse flows in the same reaction. Shown in Fig. 6 are the free
neutron-proton differential transverse flows as a function of
the center-of-mass rapidity. First, it is observed that the free
neutron-proton differential transverse flow inherits the asym-
metry in shapes from N, (y)/N(y) and N,(y)/N(y). Second, it
is seen that this observable indeed combines constructively
the in-plane transverse momenta generated by the isovec-
tor potentials while reducing significantly influences of the
isoscalar potentials of both neutrons and protons as indicated
in Ref. [22], and thus it is more sensitive to L. Moreover,
comparing observations between Case I and Case II, we can
find that the sensitivities of this observable to L are indeed
reduced in Case II. Therefore, to show clearly this observation
and facilitate the experimental measurement, we calculate the
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FIG. 7. Excitation function of the neutron-proton differential
transverse flows at midrapidity |y.m,.| < 0.1 as a function of L. The
lines are drawn to guide the eye.

excitation function of this observable, which is defined as [41]

F= <Cfi(){£:) >yc.m_=0' 7

Shown in Fig. 7 is the excitation function of neutron-proton
differential transverse flows as a function of L. It is seen that
effects of L on the excitation function are rather obvious for
both Case I and Case II, and thus can be used to further
verify the extracted L from the spectral pion ratio in StRIT
experiments [17]. Nevertheless, we can also find that the curve
of excitation function in Case I indeed is steeper compared to
that in Case II due to fewer effects of low-density Egym(p).
This feature indicates that the uncertainties of Eqy, (o) around
po should also be considered when using this observable to
probe the high-density behavior of Egyn(p). Actually, the
authors of Ref. [42] have already discussed systematically
the effects of uncertainties of low density Egn(0) on the
determination of high-density Egym(0).

Before ending this part, we give two useful remarks. First,
the value of —160 MeV used for U;;Om( po) in this study is more
negative than that used in other models e.g., —115 MeV, used
in Refs. [32,33]. This large and negative Usc;om(po) appears
to have the feature that interactions between two protons or

two neutrons with relatively large velocity will be far more
attractive than those between a neutron and proton moving
at the same relative velocity. This might be due to different
isospin states in the former and latter that may originate from
the different constituent quarks between neutrons and protons.
This issue also deserves serious consideration. Second, we
predict the emission of nucleons as free particles and do not
consider the clustering effects of nucleons that may change the
quantitative results of the present study. Therefore, it will be
interesting to see how clusters change the quantitative results
of the present study.

IV. SUMMARY

In conclusion, we have studied the free neutron-proton
differential transverse flow and its excitation function in
1328n + 1248n collisions at 270 MeV /nucleon within a trans-
port model. It is found that the sensitivities of free neutron-
proton differential transverse flow and its excitation function
to L are rather obvious, and thus can be used to further verify
the extracted L from the spectral pion ratio in SwRIT ex-
periments. Therefore, we conclude that measurements of the
neutron-proton differential transverse flow and its excitation
function may provide useful complements to the constraints
on L extracted from measurements of the spectral pion ratio
in St RIT experiments. Moreover, after examining the effects
of Egym(p) around pg on this observable, it is also suggested
that the uncertainties of Egm(0) around po should also be
considered when using the free neutron-proton differential
transverse flow to probe the high-density behavior of Egyp, (o).
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