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The elliptic flow ratio of neutrons versus protons in heavy-ion collisions (HICs) is one of the important
probes to constrain the nuclear symmetry energy, however measuring the flow of neutrons with high
precision is a great challenge for experimental techniques. In this work, the elliptic flow of protons is
studied and it is found that the rapidity at which the sign of v, changes from negative to positive
is sensitive to the density dependence of the symmetry energy. By comparing the existing FOPI

experimental data for proton flows to the calculations with the ultrarelativistic quantum molecular
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dynamics (UrQMD) model, the slope parameter of the nuclear symmetry energy is extracted to be
Lo =43 £ 20 MeV at 95% confidence level. This is in good agreement with many recent results from
investigations of nuclear structure properties and also partly overlaps with the recent result of the ASY-
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The nuclear symmetry energy Esym is essential for our un-
derstanding of diverse phenomena observed in rare isotopes, nu-
clear reactions with exotic nuclei, as well as neutron star mergers
[1-10]. To determine how the symmetry energy evolves with nu-
clear density has attracted considerable attention in recent two
decades. It is also one of the important goals of the current and
future rare isotope beam facilities (e.g., the FRIB at MSU in the
United States, the RIBF at RIKEN in Japan, the SPIRAL2 at GANIL
in France, the CSR at HIRFL and the HIAF in China, FAIR in Ger-
many and so on) around the world. In recent several years, great
efforts have been made to determine parameters (e.g., the coef-

ficient So = Esym(p00) and the slope Lo = 3pp (H%";(p)) lp=po) Of
the symmetry energy at saturation density (pp), but a complete
picture of the Esym as a function of nuclear density has still not
emerged (see, e.g., Refs. [11-31]).

Heavy-ion collisions (HICs) at beam energies of several hun-
dreds MeV/nucleons permit creating nuclear matter with den-
sity and isospin asymmetry from their normal values. It is also a
unique way to form nuclear matter with high density and isospin
asymmetry on earth. Usually, final observables in experiments of
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HICs are compared to simulations of transport models for the pur-
pose of deducing properties of the created nuclear matter. Particle
(such as, protons and neutrons, pions, kaons, etc.) multiplicities
and collective flows (the directed flow and elliptic flow) are the
most commonly used observables in HICs at intermediate ener-
gies (several hundreds MeV per nucleon). Probably one of the
best-known example in HICs at intermediate energies is the de-
termination of the incompressibility Ko of the isospin symmetric
nuclear matter by comparing the experimental data of collective
flow and kaon yield with transport model calculations [32,33].

To study the density dependence of the nuclear symmetry en-
ergy using HICs, several sensitive observables have been presented,
such as the yield ratio between isospin partners (neutrons and
protons, 3H and 3He, 7~ and 7+, K+ and KO, etc.), and the el-
liptic flow ratio of neutrons versus protons vg/vg. In spite of the
progress made, a tighter constraint on the nuclear symmetry en-
ergy at high density is still very difficult to achieve due to a) the
difficulties in precision experimental measurements, and b) strong
model- and observable-dependent results, see, e.g., Refs. [34-37].
Thus, finding new observables which are sensitive to the Esym(0)
is absolutely needed.

In this paper, by studying the rapidity-dependent elliptic flow
of protons produced in heavy-ion collisions in the 1 GeV/nucleon
regime, a new observable reflecting the rapidity at which the sign
of elliptic flow changes from negative to positive, is found to be

0370-2693/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by

SCOAP3.


https://doi.org/10.1016/j.physletb.2020.135249
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:liqf@zjhu.edu.cn
https://doi.org/10.1016/j.physletb.2020.135249
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2020.135249&domain=pdf

2 Y. Wang et al. / Physics Letters B 802 (2020) 135249

sensitive to the Esym(0). Comparing the FOPI experimental data to
simulations with the ultrarelativistic quantum molecular dynamics
(UrQMD) model, a preferred range of slope parameter Ly is ex-
tracted.

In the present version of the UrQMD model, the total Hamil-
tonian consists of the kinetic energy, the Coulomb potential en-
ergy, the local potential energy, and the non-local potential en-
ergy. The local term is derived from the integration of the Skyrme
potential energy density functional [38,39]. The non-local term
Vima = 1.57[In(500(Ap)? + 1)1%p/po [40] which has been widely
used in QMD-like models is also considered. In this case, the ef-
fective masses of neutron and proton are the same in the present
version of UrQMD model. With an isospin-dependent form of V4
will give rise to the issues of the momentum dependence of the
symmetry potential and the associated neutron-proton effective
mass splitting [5,41]. Effect of the neutron-proton effective mass
splitting on the elliptic flow has been studied with various mod-
els, but still with some puzzling inconsistency [42-47]. To compare
with constraints on the nuclear symmetry energy obtained with
the elliptic flow ratio of free neutrons verse hydrogen isotopes in
Refs. [21,23,24] and that with observable used in this work, the
isospin-independent form of the momentum dependent potential
is still incorporated the same as that in Refs. [21,23,24]. In addi-
tion, the effect of the neutron-proton effective mass splitting on
observables is expected to be suppressed at higher beam ener-
gies, because both the effective masses of proton and that of neu-
tron approach the free mass at higher momentum. Therefore, an
isospin-independent form of the momentum dependent potential
is still considered as appropriate for the current analysis of ellip-
tic flow. Together with proper parameter sets in the in-medium
nucleon-nucleon cross section and the algorithm for cluster recog-
nition, the recently published flow data of the FOPI Collaboration
for light charged clusters [48,49] can be reproduced well [39,50].
In addition, with further considering the pion-nucleon and kaon-
nucleon potentials, the collective flow of pions and kaons can also
be well described [51,52].

With the introduction of the Skyrme potential energy density
functional, pg, Ko, So, and Ly can not be varied independently. In
order to isolate the influence of Ly on observables from other ef-
fects, 11 Skyrme interactions Skz4, Skz2, Skz0, SV-mas08, SLy230a,
SLy5, SV-sym32, MSLO, SV-sym34, Gs, and SkI1[53], for which give
quite similar values of pg (within about 0.16 4+ 0.002 fm’3), Ko
(within about 235 £+ 5 MeV), and Sg (within about 32 + 2 MeV),
but different Lo and Ksym, are selected strictly. To have a wider
variation in Lo, SKI1 which gives larger values of Ko = 243 MeV
and So =37.5 MeV is also considered. The saturation properties of
the selected forces are shown in Table 1. We note that the empiri-
cal linear correlation between Lo and Ky, which has been found
from many microscopic many-body theories and phenomenological
models is also preserved for the selected 11 Skyrme interactions.
Around a reference density pr, the slope parameter can be writ-

ten as L(pr) = 3pr (W
dependence of Esym(p) around p;. The nuclear symmetry energy
Esym(p), its slope L(p), and the symmetry potential with § =0.2
are shown as a function of nuclear density in Fig. 1. For com-
parison, recent constraints on the symmetry energy and its slope
parameter at subsaturation densities are also displayed. It can be
seen that these constraints on the slope parameters L(p ~ 0.10)
can be covered by the results predicted with SV-mas08, SLy230a,
SLy5, SV-sym32, and MSLO, while the L(p ~ 0.10) obtained with
the two soft cases (i.e., Skz4 and Skz2) and three stiff cases
(i.e., SV-sym34, Gs, and Ski1) are far from those constraints. The
Esym(p) obtained with SLy230a, SLy5, SV-sym32, and MSLO are
quite close to each other for the density range of 0.2-0.32 fm—3
and also comparable with the recent constraint at 2py obtained

>| p=p. Which measures the density

Table 1
Saturation properties of nuclear matter as obtained with selected Skyrme parame-
terizations used in this work.

po (fm™3) Ko (MeV)  So (MeV) Lo (MeV)  Ksym (MeV)

Skz4 016 230 32.0 5.8 -240.9
Skz2 0.16 230 32.0 16.8 -259.7
Skz0 0.16 230 32.0 351 -2422
SV-mas08  0.16 233 30.0 40.2 -1724
SLy230a 016 230 32.0 443 -98.2
SLy5 0.16 230 32.0 482 -112.7
SV-sym32  0.159 234 32.0 571 -148.8
MSLO 016 230 30.0 60.0 -99.3
SV-sym34  0.159 234 34.0 80.9 -79.1
Gs 0.158 237 311 93.3 141
Ski1 016 243 375 161.1 234.7

from observations of neutron stars and gravitational waves [17,
18], but their slopes L(p) display remarkably diverse behaviors at
higher density.

With the parabolic approximation, the equation-of-state (EOS)
of isospin asymmetric nuclear matter can be generally expressed
as E(p,8) = Eo(p,0) + Esym(P)az- here & = (pn — pp)/(Pn + pp) is
the isospin asymmetry, Eq is the energy per nucleon for symmetric
nuclear matter. Then the pressure in the isospin asymmetric nu-
clear matter is proportional to the slope of the symmetry energy
[56], P(p,8) = pz% = ,02% + 1pL(p)82. It is known from the
fluid mechanics, the collective motion of nucleons is directly con-
nected to the pressure gradients in x-, y-, and z-directions [54,55].
On one hand, one may expect that observables are directly con-

nected to the pressure gradients, then to Ksym =300 <%) lo=po-

On the other hand, the development and evolution of the elliptic
flow in HICs at beam energies studied in this work is much more
complicated than the fluid dynamics, it does not only depend on
the pressure gradient but also affected by the blocking of the spec-
tators. Thus, an intimate connection between Ky, and the elliptic
flow (ratio between neutrons and protons) may not necessarily be
observed.

The elliptic flow is one of the most common used observables
in HICs with incident energy from several hundreds of MeV/nu-
cleon up to the highest energies presently available at LHC/CERN.
It is the second-order coefficient in the Fourier expansion of the

2_ 2
azimuthal distribution of emitted particles, v, = <pxp2py > Here,

t
px and p, are the two components of the transverse momen-

tum p; = /p? +p§,, and the angular bracket denotes an average

over all considered particles of all events. Usually, v, has a com-
plex multi-dimensional structure. For a certain species of particles
produced in a nuclear reaction with fixed colliding system, beam
energy, and impact parameter, v, depends both on the rapidity y,
and the transverse momentum p;. The scaled units yo = y/Yiem
and uy = u;/uqem (the transverse component of the four-velocity,
the subscript 1cm denotes the incident projectile in the center-
of-mass system) are used instead of y, and p; throughout, in the
same way as done in the experimental report [49], in order to scale
with whole incident energies.

To see more clearly effects of the nuclear symmetry energy on
the elliptic flow v,, the v, of free protons and neutrons calcu-
lated with the three parameter sets Skz4, SV-sym34, and SkI1 are
shown in Fig. 2. It can be seen that the calculations for protons
are in good agreement with the FOPI data in the whole inspected
rapidity range, and that the v, as a function of rapidity yo can
be well described by a quadratic fit vy = vy + v ~y§ [57]. Ap-
parently, vyo represents the elliptic flow at mid-rapidity which has
attracted a lot of interest in the heavy-ion community. And, the
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Fig. 1. The nuclear symmetry energy Esym(p) [panel (a)], its slope L(p) [panel (b)],
and the symmetry potential with § = 0.2 [panel (c)] are plotted as a function of
density. The various lines show predictions for the selected 11 Skyrme interactions.
Different scattered symbols represent recent constraints obtained by Roca-Maza et
al. [11], Zhang and Chen [12], Brown [13], Fan et al. [14], Dong et al. [15], Wang et
al. [16], Zhang and Li [17], and Xie and Li [18], respectively. Shaded bands represent
the region covered by Skz0, SV-mas08, SLy230a, and SLy5.
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Fig. 2. The elliptic flow v, of free neutrons (a) and protons (b) produced from
Au+Au collisions at 0.4 GeV/nucleon with centrality 0.25 < by < 0.45 and trans-
verse velocity u;p > 0.4, as a function of the normalized rapidity yo. Calculations
with Skz4 (solid square), SV-sym34 (solid triangle), and SkI1 (asterisk) are shown
and compared with the FOPI data for free protons (solid star) reported in Ref. [49].
Solid lines are fits to the calculated results assuming v, (yo) = V20 + V22 -y%.

v
the v, changes sign from positive to negative. The vy of free
neutrons is very sensitive to the nuclear symmetry energy, and
its absolute value calculated with SkI1 (stiff symmetry energy) is
larger than that with Skz4 (soft symmetry energy), while the vyg
of free protons shows a relatively weak dependence on the sym-
metry energy; its absolute value is larger in the case of Skz4. The

transition rapidity y; = +

220 represents the rapidity at which
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Fig. 3. The ratio between the elliptic flow parameter of free neutrons and protons
vgo/vgo are plotted as a function of the slope parameter Ly. Calculations with the
11 Skyrme interactions are shown by solid symbols. The solid lines represent linear
fits to the calculations, shaded bands are 95% confidence intervals around the fitted
lines.

opposite influence of the symmetry energy on the v,o of protons
and neutrons has been reported and discussed in Refs. [21-23,
27-29], it can be understood from the fact that the symmetry
potential tends to expel neutrons and attract protons in a neutron-
rich environment. The repulsion and attraction are stronger for the
stiff symmetry energy at densities above pg. Clearly, the vy ratio
between neutrons and protons v1,/vh; can be taken as a promis-
ing observable for constraining the nuclear symmetry energy at
high density and has been used for that purpose [21-23,27-29].
It is known from previous studies that taking the ratio is better
than taking the difference between neutrons and protons, because
the impact from uncertainties in the isoscalar components (e.g.,
the incompressibility of the isospin symmetric matter and the in-
medium nucleon-nucleon cross section) can be largely cancelled
out [21,23]. In addition, the uncertainty associated with the recon-
struction of the reaction plane in experiment also can be cancelled
by taking the ratio [21,24].

Fig. 3 shows the vgo/vgo from Au+Au collisions at beam en-
ergies of 0.4, 0.6, 0.8, and 1.0 GeV/nucleon calculated with the
11 Skyrme interactions. A fairly linear relationship between the
v,/vhe and Lo can be noticed, confirming that the v4,/vh, is in-
deed sensitive to the nuclear symmetry energy. The slope of the
fitted line gradually decreases with increasing beam energy, due to
mean field effects being weakened in more violent collisions oc-
curring at higher energies. In addition, neutrons (protons) can be
converted to protons (neutrons) through inelastic collisions (e.g.,
n+n—p+ A~ — p+n+ ), thereby further reducing the ef-
fects of the symmetry energy on the flow of nucleons. Precise and
systematic experimental measurements of the Vgo/"go from dif-
ferent colliding systems and beam energies would allow a more
reliable constraint on the nuclear symmetry energy. Though the
elliptic flow of neutrons has been measured by ASY-EOS collab-
oration with the Large Area Neutron Detector (LAND) [21,24], a
systematic high-precision measurement of the flow of neutrons at
various systems and beam energies is still a great challenge for ex-
perimental techniques to date.

We observe in Fig. 2 that the transition rapidity y; is affected
by the nuclear symmetry energy. The y; of protons calculated
with a soft symmetry energy (i.e., Skz4) is larger than that with
a stiff symmetry energy (i.e., Ski1), while the trend for neutrons,
even though weaker, is reversed. A stronger repulsive residual in-
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Fig. 4. The ratio vy /vy of free protons are shown as a function of the slope param-
eter Lo. Calculations with the selected 11 Skyrme interactions are shown by solid
symbols. The horizontal bands represent the FOPI experimental data [49]. The solid
lines represent linear fits to the calculations (except the results obtained from the
stiffest symmetry energy, i.e., Ski1), cyan shaded bands are 95% confidence intervals
around the fitted lines. The intersections of the horizontal bands and cyan shaded
bands yield the width of the vertical orange bands, which constrain the slope L.

teraction (i.e., SkI1 for neutrons and Skz4 for protons) leads to a
stronger squeeze out effect, it results in a larger value of transition
rapidity y;.

Fig. 4 shows the ratio vyo/vy of free protons produced from
Au+Au collisions at beam energies of 0.4, 0.6, 0.8, and 1.0 GeV/nu-
cleon. A strong degree of linearity between vy/vy and the slope
parameter Ly within the range 0 to 100 MeV can be observed.
Clearly, vpo/vay calculated with Gs and Ski1 (stiff symmetry en-
ergy with Ly larger than 90 MeV) both fall outside the experimen-
tal intervals at four beam energies. The intersections of the FOPI
data bands and calculated bands offer an opportunity to estimate
the slope Ly, and 8 < Ly <65 MeV is found out which fully meets
all of the above four energies. The vy¢/vy, calculated with SkzO,
SV-mas08, SLy230a, and SLy5 are inside the experimental bands.
The symmetry energy Esym(p) as well as its slope L(p) (shaded
bands in Fig. 1) predicted by these four Skyrme parametrizations
cover the constraintes obtained by Zhang et al. [12], Fan et al.
[14], Dong et al. [15], and Wang et al. [16] from nuclear mass,
electric dipole polarizability and neutron skin thickness, and the
constraints obtained by Zhang and Li [17] and Xie and Li [18] from
astrophysical observations. In addition, one may notice that the
v0/Va2 calculated with these four interactions may not always in-
crease with increasing Lo, as can be seen in Fig. 4 and more clearly
in Fig. 7 where the excitation function of the v,¢/v2, of free pro-
tons in Au+Au collisions is displayed. For example, the vy/vy)
calculated with the Skz0 (Lo = 35.1 MeV, Ksym = —242.2 MeV)
is larger than that with the SV-mas08 (Lo = 40.2 MeV, Ksym =
—172.4 MeV), SLy230a (Lo = 44.3 MeV, Ksym = —98.2 MeV), and
SLy5 (Lo = 48.2 MeV, Ky = —112.7 MeV). It may imply that both
Lo and Ky, are attributed to vao/va2.

The parameter vy reflects the high density behavior of the nu-
clear symmetry energy as discussed in Fig. 2, while the parameter
vy is more likely to characterize the motion of particles around
the target and projectile rapidities where the density is close to or
even below the saturation density. To reveal this more clearly, we
plot the correlation between density and rapidity at different reac-
tion times in Figs. 5 and 6. At the initial time (two nucleons begin
to contact each other), rapidities of nucleons are close to +1, and
density is below the saturation density. As the projectile and target
penetrate each other, the nucleon rapidity distribution and density

distribution vary gradually and a high-density phase is created. The
average density at mid-rapidity is larger than that at target/pro-
jectile rapidities, see e.g., the cases t = 10, 15, 20, and 25 fm/c
in Fig. 5 at Ej;p = 0.4 GeV/nucleon, and the density distributions
around target/projectile rapidities spread out, spanning a wider
range of values, from almost zero to 0.4 fm~3. Thus the collective-
flow pattern of particles at mid-rapidity is influenced strongly by
the high-density behavior of Esym(0), while the motion of particles
around target/projectile rapidities is more likely to be affected by
the Esym(p0) at both subnormal and high densities. As can be seen
in Fig. 7, the value of vyo/vy, varies from about —0.65 at Ejp, =
0.4 GeV/nucleon to —0.45 at Ej;, = 1.2 GeV/nucleon, one obtains
the transition rapidity |y¢| = 0.7~0.8. At the maximal compressed
stage, i.e., about t =15 fm/c at Ej;;, = 0.4 GeV/nucleon and 9 fm/c
at Ej;, = 1.2 GeV/nucleon, the averaged density around y; are
about 0.17 and 0.24 fm~3 at Ej, = 0.4 and 1.2 GeV/nucleon, re-
spectively. This provides a rough estimation of the maximal sen-
sitive density for v,g/va. After 25 fm/c, the system undergoes
a collective expansion and eventually the density is smaller than
the saturation density. During the expansion, the momentary az-
imuthal distribution is continuing to evolve towards the asymptotic
distribution which is characterized by vy¢ and vy [57,58], un-
der the governing of the nuclear potentials at subnormal densities.
The effects of the symmetry potential on the vyo/v;, are then re-
duced. Since the potential becomes relatively weak at subnormal
densities, the difference in v,0/v22 caused by different symmetry
energy remains at final stage.

With increasing beam energy, more and more nucleons will
be involved in the high density region and the linearity between
vyo/vay and Lo will become better. We have checked that the
value of the adjusted coefficient of determination (Adj. R?) steadily
increases from 0.81 at 0.4 GeV/nucleon to 0.93 at 1.2 GeV/nucleon,
again indicating that the v,o/v2, strongly correlates with the slope
parameter L(p) in the vicinity of pg. It is known from many micro-
scopic many-body theories and phenomenological models that Lo
and Ksym are strongly correlated [7,59,60]. Thus, one may suspect
that both vy¢/v2y of free protons and Vgo/"IzJo are also correlated
with Ksym. However, after re-plotting Figs. 3 and 4 as a function of
Ksym, neither of these two observables seem to be distinctly corre-
lated with Ksyp,. For vo/vy, of free protons, it seems that both Lo
and Ksym can be attributed. On one hand, vyo/vyy of free protons
obtained with Skz4 (Lo = 5.8 MeV, Ky, = —240.9 MeV) and Skz0
(Lo =35.1 MeV, Ksym = —242.2 MeV) which have similar Ky, are
well separated (see, e.g., Fig. 7). On the other hand, v9/v ob-
tained with SV-mas08 (Lo = 40.2 MeV, Ky = —172.4 MeV) and
SLy230a (Lo = 44.3 MeV, Ksym = —98.2 MeV), for which the dif-
ferent in Ky, is about 74 MeV and the difference in Lo is only
about 4 MeV, are not overlapped at higher energies as well. Fur-
ther calculations with the same Lo but different Ksy;, (and the
same Ky, but different Lo) will be certainly required to isolate
the contributions from Lo and Kgym.

The result of fitting the excitation function of the vjg/vy; of
free protons is shown in Fig. 7 (b) as a function of the slope L.
The solid symbols represent the total x2 as calculated with the
11 Skyrme interactions. Within a 2-0 uncertainty, the slope is
extracted to be Lo =43 + 20 MeV. This result partly covers the
Lo =72 + 26 MeV (2-0 uncertainty) obtained from the compari-
son of the elliptic flow ratio (at mid-rapidities) of neutrons with
respect to charged particles with the UrQMD predictions [24], but
it is about 30 MeV softer than the result in Ref. [24]. This may
originate from the fact that the elliptic flow ratio at mid-rapidity
(where higher densities are probed) is used in Ref. [24], while
the elliptic flow within a broad range of rapidity (where relatively
lower densities are probed) is used in this work.
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To summarize, the elliptic flow v, of protons as a function of
rapidity yo in heavy-ion collisions at intermediate energies can be
well described by a quadratic fit vy = v + va2 - y(z), and the ratio
v20/Vv22 has been found to be sensitive to the density dependence
of nuclear symmetry energy. The elliptic flow at mid-rapidity rep-
resented by vyo carries information on the symmetry energy at
high densities, while vy, characterizes the flow around target/pro-
jectile rapidities where lower density are probed. The slope pa-
rameter of the density-dependent symmetry energy is extracted
to be Lo =43 + 20 MeV based on the comparison of the FOPI
experimental data on the vjg/vyy of protons with the UrQMD
model calculations. The result is comparable with many previous
studies on the symmetry energy from nuclear structure proper-
ties and also partly overlaps with the result obtained from the
elliptic flow ratio of neutrons with respect to charged particles
at mid-rapidities reported in Ref. [24]. The result in Ref. [24] is
stiffer by about 30 MeV than the result obtained in this work
which, to some extent, may arise from the fact that lower densities
are probed with the vjg/vy;. Additional studies of this observ-
able with other model assumptions and/or transport models will
be useful for identifying and disentangling remaining systematic
uncertainties.
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Fig. 7. Left panel: The ratio vyo/va, of free protons as a function of beam energy.
Lines represent calculations with the selected 11 Skyrme interactions, the shaded
band marks the experimental value of the vy9/v2y. Right panel: The total x? char-
acterizing the fit results obtained with the 11 studied Skyrme forces as a function
of the slope parameter Lo. The smooth curve is a quadratic fit to the total x?2, and
the horizontal dashed line is used to determine the error of Ly within a 2-0 uncer-
tainty.
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