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Abstract: By incorporating an isospin-dependent form of the momentum-dependent potential in the ultra-relativistic

quantum molecular dynamics (UrQMD) model, we systematically investigate effects of the neutron-proton effective

. « _m,‘,—m;
mass splitting m,_,=—

197 Au + 17 Au collisions at beam energies from 0.09 to 1.5 GeV/nucleon. It is found that at higher beam energies (>

and the density-dependent nuclear symmetry energy Esym(o) on the elliptic flow v in

0.25 GeV/nucleon) with the approximately 75 MeV difference in slopes of the two different Esyi(p), and the vari-

ation of mj_,

Egym(p) has a stronger influence on the difference in v, between neutrons and protons, i.c., vy —vg, than m;_ » has.

ranging from —0.03 to 0.03 at saturation density with isospin asymmetry ¢ = (p, —pp)/p = 0.2, the

Meanwhile, at lower beam energies (< 0.25 GeV/nucleon), vg—vg is sensitive to both the Egn(p) and the m,

P
2

n—p
rather than stiff, symmetry energy.

Moreover, the influence of mj,_, on V] —v

n—p-

is more evident with the parameters of this study when using the soft,
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1 Introduction

The in-medium nucleon effective mass, initially intro-
duced by Brueckner, exerts a large impact on numerous
aspects in nuclear physics and astrophysics [1-4]. Vari-
ous definitions for the nucleon effective mass are
provided in the literature [5—8], where the non-relativist-
ic effective mass and relativistic Dirac mass are two pop-
ular scenarios. Different definitions of the nucleon effect-
ive mass may have different physical content. From a
non-relativistic point of view, the nucleon effective mass
characterizes either the momentum (k-mass) or the en-
ergy (E-mass) dependence of the single-particle potential.
Meanwhile, the relativistic Dirac mass is defined through
the nucleon scalar self-energy in the Dirac equation. In
the present study, we focus on the nucleon effective k-

mass, which has been widely discussed in the heavy-ion
collision community [2—4, 9—-14]. The nucleon effective
k-mass can be defined from the momentum dependence
of the single-particle potential U, ,(p,p,6) in a nuclear
medium with density p and isospin asymmetry
5=(on—pp)lp via m’/m=[1+2L LA
theoretical approaches predicted that proton and neutron
single-particle potential U, ,(p,p,6) is different in the
isospin asymmetric nuclear medium, which leads to the
neutron-proton effective mass splitting m;,_, = m;;m;
Heavy-ion collisions (HICs) provide a unique oppor-
tunity to explore the mj,_, and the nuclear symmetry en-
ergy, as nuclear medium with different densities and
isospin asymmetries can be created during collision
[15-23]. Usually, transport models that often incorporate
phenomenological potentials as an input are applied to

Numerous

Received 10 December 2019, Revised 2 March 2020, Published online 11 May 2020
* Supported in part by the National Natural Science Foundation of China (11875125, 11947410, 11847315, 11505057); the Zhejiang Provincial Natural Science
Foundation of China (LY18A050002, LY19A050001) and the Ten Thousand Talent Program of Zhejiang province (2018R52017)

1) E-mail: wangyongjia@zjhu.edu.cn
2) E-mail: ligf@zjhu.edu.cn

©2020 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

074103-1



Chinese Physics C Vol. 44, No. 7 (2020) 074103

deduce mj_, and symmetry energy from experimental ob-

servables. Although the effects of mj,_, on various ob-
servables in HICs have been widely studied using differ-
ent transport models, uncertainties in the effective mass
splitting and especially its density dependence remain an
open challenge for further research [2—4]. For example,
by comparing the transverse neutron and proton spectra
from central >#Sn+!24Sn collisions with the Boltzmann-
Langevin transport model, the effective mass of neutrons
being lower than that of protons (m;, <my) is favored
[24]. Later on, with the newly measured data from both
1248n +124 Sn and "?Sn+!"2Sn collisions and simulations
with the improved quantum molecular dynamics (Im-
QMD-Sky) model, calculations with SLy4 (m; <m;,)
were found to lie close to the experimental data [25]. Cal-
culations from the other two QMD-type models also in-
dicated that results with m;, <m), are significantly closer
to the experimental data [26, 27]. However, with the
isospin-dependent Boltzmann-Uehling-Uhlenbeck trans-
port model, calculated results were found to be lower
than the newly measured data [28]. Furthermore, with the
analysis of the nucleon-nucleon elastic scattering data
based on the optical model and recent constraints on the
nuclear symmetry energy based on the Hugenholtz-Van
Hove theorem, the mass splitting m;, >mj, is preferred
[29]. Furthermore, in view of the present status of trans-
port model comparisons, results on commonly used ob-
servables in HICs are not always the same, even if the
same physical input is required in different transport
models [20, 30, 31]. Thus, a more systematical and de-
tailed study of the effects of m,_, on various observables
is necessary.

This paper is organized as follows: in the following
section, the ultra-relativistic quantum molecular dynam-
ics (UrQMD) model and the isospin- and momentum-de-
pendent potential are introduced. Sec. 3 presents and dis-
cusses effects of the nuclear symmetry energy and neut-
ron-proton effective mass splitting on the elliptic flow of
protons and neutrons produced from *7Au + '’ Au colli-
sions at beam energies from 0.09 GeV/nucleon to 1.5
GeV/nucleon. Finally, a summary is provided in Sec. 4.

2 Model description

In the UrQMD model, each hadron is represented by
a Gaussian wave packet with the width of o = 2 fm? for
YT Au in the phase space [32-38]. The centroid r; and p;
are propagated according to the Hamiltonian equations of
motion via:

OH . 0H
“ory T ap
Here, H depicts the n-body total Hamiltonian of the sys-
tem, which consists of the kinetic energy and the effect-

pi= (M

ive potential energy V. Within the present code, the po-
tential energy V is composed of the Coulomb potential
energy, local potential energy, and isospin- and mo-
mentum-dependent potential energy,

V = Veoul + Vioe + Vinom- (2)
The Coulomb potential energy can be written as
1.44 1 Tij
VCoul = — Z —erf / . (3)
2 i T 402

Here, r;; is the distance between the i-th and the j-th
charged particles. The erf is the error function, which is

. 2 2
written as erf(t) = — fot e Fdx.
v/

The local potential energy Vi, can be obtained with
Vioe(p) = [wioedr. Here, uoe is provided by the Skyrme
potential energy density functional [35, 39]

a ,02 ﬁ py+ 1

&sur,iso 2
==t —— Vo, —
Uloc 200 T y+l pg 200 [V(o pp)]
2
+ gsur (VP)2 + | Asym ( P ) + bsym( P ) P52- 4)
L0 PO PO

Taking the isospin effects into consideration [40—43], the
momentum-dependent potential energy Viom can be writ-
ten as Vipom = f Umomdr, Where

1
o {T] = f f WP f(r.p) (. P )dpdp

+ Y [ [rwrrnems e, ©
T#T po
Here, v(p,p’)=0.001571n*[1+500(p—p’)*] was widely
used in QMD-like models [44]. Along with @ =-396.4
MeV, =331.8 MeV, and y =1.14, a soft equation of
state can be obtained for the isospin symmetric nuclear
matter with the compressibility K = 200 MeV. gg,, = 18.2
MeV fm’ and gsuriso = 8.9 MeV fm’ are employed, as in
our previous study [37], to prevent the initialized nuclei
disintegration. By setting x = £0.6, one can obtain differ-
ent neutron and proton effective masses. For example, x =
0.6 represents m, <mj,, while x = -0.6 represents
my, > mj,. f; is the phase-space density. For infinite nucle-
ar matter at zero temperature, f; can be written as a step

. 2 . . . .
function f.(r,p) = h_3®(pF7 —p), in which pg_is the Fermi

momenta of baryons. They can be written as
3n%p\’ : 3n%p\’ ,

pFn:hc( ”p) (1+6)?, pppzhc( ﬂzp) (1-6),, and
37T2 %

pr =hc 2'0 .

In the mean field approximation, the above potential
energy density yields the following single-particle poten-
tial:
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The nucleon effective mass m*
defined as

in nuclear medium is
my
* —
m; =mo/ (1 +—

dU,
—1]. 7
lpl | dp ) @
my = 0.938 GeV/c’ denotes the free mass. The effective
mass as a function of momentum is plotted in Fig. 1.

The energy per nucleon E(p,8) of the isospin asym-
metric nuclear matter, can be written as

2
P p
E(pé)—3 F, Pn §ip_p
52mp S52mp
+ Uioc (P, 0) " Umom (P, 6)' (8)
P P
Within the parabolic approximation (E(p,d) = E(p,0)+

Esym(p)5” +O(6*)), which is widely used in the literature,
the symmetry energy can be written as the following
three parts,

1.0

0.9
£
e
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Fig. 1. (color online) Effective mass of neutron and proton

as a function of momentum at 6 = 0.2 and p = po.

Table 1.
3

for neutron-rich nuclear matter at 6 = 0.2 and p = pp = 0.16 fim "

Eqym(p) =E&n (0) + EXe.(0) + Enor(p),
ki _ [3pFPn 3prPp 3&]
52

sym 52mp 52mp 52m
1+x
:r)ll(r)nm(p) 452 Z ffV(P,P)
, , 1-x
Xf‘l'(r’p)f:l'(r7p )dpdp +E -
T#T Ppo

X f f v(p, p) f-(r,p) fr (r,p")dpdp’

‘g—ff (p.p)f(r,p)f(r,p)dpdp’,
PP

Po
The nuclear symmetry energy So =

2
EX% (0) =duym (pﬁo)wsym(ﬁ) | ©)

Esym(po) and its
slope L= Z%lz)()‘mb;/mj(")|p:pU at the saturation density are dis-
played in Table 1. The density dependence of nuclear
symmetry energy with different parameter sets is shown
in Fig. 2. To investigate the effect of m;_, on the elliptic
flow in HICs, we need to minimize the impact of the nuc-
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°°o°:‘n %%%Skz4
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Fig. 2.  (color online) Density dependence of nuclear sym-

metry energy. Lines depict symmetry energies incorporat-
ing isospin- and momentum-dependent interaction (iso-
MDI). Symmetry energies (i.e., Skz4, SkM*, and SV-
sym34) used in a previous UrQMD model [35, 36] incor-
porating the isospin-independent momentum-dependent in-
teraction (MDI) are also shown for comparison.

Saturation properties of nuclear matter as obtained with selected parameters of this study. Effective proton and neutron masses are calculated

Para Asym bsym So L m, m;‘,
asy-hard (mj; < m’) 5.6 8.0 31.0 108.8 0.81 0.84
asy-hard (m}, > m’) 11.5 9.8 31.0 106.8 0.84 0.81
asy-soft (m}, < m’) 30.6 -17.0 31.0 33.8 0.81 0.84
asy-soft (m, > m*) 36.5 -15.3 31.0 31.8 0.84 0.81
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lear symmetry energy. Thus, two parameter sets with dif-
ferent m;,_,, which correspond to almost the same dens-
ity-dependent nuclear symmetry energy Eqm(p), are em-
ployed. Furthermore, parameter sets with the same m;,,_,
but different Egyn, (o) are also considered. Three different
Egm(p) given by SKz4, SKM*, and SV-sym34 interac-

tions are also shown for comparison.
3 Results and discussion

In this study, 600000 events for '’ Au+'"7 Au colli-
sions are simulated for each case. At the end of the reac-
tion, fragments are recognized by employing the isospin-
dependent minimum span tree (iso-MST) algorithm. By
this method, if the relative distances and momenta of two
nucleons are smaller than Ry and Py, respectively, they
are considered to belong to the same fragment. With a
proper set of Ry and Py, the fragment mass distribution in
HICs at intermediate energies is efficiently reproduced
[45-47]. The parameters adopted in this study are R)” =
2.8 fm, R} = R)” = 3.8 fm, and Py = 0.25 GeV/c. Not-
ably, the collective flow was insensitive to reasonable
ranges of Ry and Py [35].

The collective flow in HICs was studied extensively
to deduce properties of formed hot and dense matter. In
this study, we focus on the elliptic flow v,, which is the
second-order coefficient in the Fourier expansion of the

azimuthal distribution of emitted particles, v, = <p ‘I;p >

Here, p, and p, are two components of the transverse mo-

mentum p, = /p3+p?, and the angular bracket denotes

an average over all considered particles from all events.
Usually, for a certain species of particles generated in the
nuclear reaction with a fixed collision system, beam en-
ergy, and impact parameter, v, depends on both the rapid-
ity y, and the transverse momentum p,. The scaled units
Y0 = ¥/Ypro and uyo = u;/upro (the transverse component of
the four-velocity) are used instead of y, and p;
throughout, as in the experiments [48]. The subscript pro
denotes the incident projectile in the center-of-mass sys-
tem.

3.1 Rapidity dependence

Figure 3 shows the rapidity dependence of v, of pro-
tons in semi-central '°7 Au +'°7 Au collisions at beam ener-
gies 0.4 GeV/nucleon (in plot (a)) and 0.6 GeV/nucleon
(in plot (b)) with the cut u, > 0.4. The calculated results
are in a good agreement with the experimental data at
both beam energies, especially at mid-rapidities. As ex-
pected, the effects of both the Eqym(p) and the m,_, On va
of protons are quite weak, because the isospin-dependent
component of the nuclear interaction is relatively small
compared to the isoscalar one when the isospin asym-

metry is not too large. To highlight the effects of the nuc-
lear symmetry energy and m;,_, the elliptic flow ratio or
difference between isospin partners (such as neutron and
proton, 3H and 3He) are utilized. Fig. 4 shows the elliptic
flow ratio v;/v at mid-rapidity(Jyo| < 0.2) as a function of
the slope parameter of the Eqy,(p). To compare the ellipt-
ic flow calculated with the neutron-proton effective mass
splitting to that without the splitting, v;/v5 is shown, cal-
culated with Egn(o) given by the three Skyrme interac-
E,,=0.4 GeV/nucleon E_ =0.6 GeV/nucleon

0.12 T T T T N l T
(@)~ - - -asy-softm <m_ (b)

T * T
asy-hard m <m

- asy-hard m >m_
* FOPI

------------- asy-soft m >m_

b=3.4-6.0 fm
u,>0.4

g
08—
-1.0-0.5 0.0 0.5 1.0 -1.0-0.5 0.0 0.5 1.

yo yO
Fig. 3. (color online) Elliptic flow v, of protons in semicent-
ral 3.4 <b < 6.0 fm) 7Au+!7 Au collisions at Ey, = 0.4
GeV/nucleon (a) and 0.6 GeV/nucleon (b) as a function of
the reduced rapidity yo. The cut u, > 0.4 is chosen as the
cut. Calculated results with two symmetry energies along
with two different m_, are presented by different lines.

n-p

FOPI experimental data (stars) is provided by Ref. [48].

E,=0.4 GeV/nucleon E_=0.6 GeV/nucleon

1 .1 T T T T
(a) (b)
¢
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0.7 L b:3.f1-6.0 fm| —2— vy/o masslsplitting
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Fig. 4. (color online) Elliptic flow ratio between free neut-
rons and protons v4/v} at mid-rapidity (|yo| < 0.2) produced in
semi-central (3.4 < b < 6.0 fm) 7Au+'"7 Au collisions at
beam energies 0.4 (left panel) and 0.6 (right panel)
GeV/nucleon as a function of the slope parameter L. v5/v)
values calculated with the previous UrQMD model, without
consideration of the effects of m;,_, are shown by open sym-
bols.
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tions in combination with an isospin-independent
(without nucleon effective mass splitting) form of the
momentum dependent term V,,; = 1.57 [In (SOO(Ap) +
D] p/pg. First, the increase of ;v with L was reported
and discussed in Refs. [36, 45, 49—52]. The nuclear sym-
metry potential tends to expel neutrons, whereas it at-
tracts protons in a neutron-rich environment. The repul-
sion for neutrons (attraction for protons) is significantly
stronger for the hard, rather than the soft, symmetry en-
ergy at densities above py. Second, the v;/v; obtained
with effective mass splitting m;, < m), are larger than those
with mj, >mj,, while calculations with the previous Ur-
QMD version, where the isospin-independent form of
momentum-dependent potential is used (without effect-
ive mass splitting), lie in between the results obtained
with m;, <mj, and m;, > mj,. This is attributed to nucleons
with a smaller effective mass experiencing a larger re-
pulsive force (leading to a stronger elliptic flow) than
those with a larger effective mass. This finding is consist-
ent with results from the LQMD model and the micro-
scopic stochastic mean-field (SMF) model, although dif-
ferent forms of momentum-dependent symmetry poten-
tials were used [9, 53—55]. However, this is different
from the results presented in Refs. [43, 56, 57], where an
improved IQMD model was employed. This might result
from different contributions of the density- and mo-
mentum-dependent components of the nuclear symmetry
energy in each model. Third, we observe that the Egym(p)
has a relatively larger influence than m;,_, on the v;/v}
with the present parameter sets, i.e., the difference in the
slopes of the two Egym(p) is approximately 75 MeV, and
the variation of m _p ranges from —0.03 to 0.03 at 6 =0.2
and p = 0.16 fm”. It is reasonable to infer that with a lar-
ger variation in mj_, (or with a smaller variation of the
slope L), the Eqm(p) and the m;,_, may contribute simil-
arly to v4/v5. Furthermore, we note that the influence of
m,_, on the v"/v2 is less evident with the stiff Egym(p)
than that with the soft one. This is because the contribu-
tion of the momentum-dependent component to the sym-
metry potential is smaller than that of the density-depend-
ent component in the case of stiff symmetry energy,
whereas in the soft case, the momentum-dependent com-
ponent plays a more important role than the density-de-
pendent component on v}/ v’z’ .

3.2 Transverse-momentum dependence

The elliptic flow of free protons at mid-rapidity
(Ivol < 0.4) as a function of the transverse velocity uy is
displayed in Fig. 5. The calculated results are in line with
the FOPI experimental data, and the difference among
different parameter sets is very small. To more clearly re-
veal the effects of Eqym(p) and my,_, on the v, the elliptic
flow difference between free neutrons and protons vj-15

is displayed in Fig. 6. The results are found to fall
roughly into two distinct groups: the results with soft
symmetry energies and those with stiff symmetry ener-
gies. The values of vj-v) obtained with hard symmetry
energies are smaller than those with soft symmetry ener-
gies. This is attributed to the harder symmetry energy
yielding a stronger repulsive (attractive) potential for
neutrons (protons) in the neutron-rich system, which
leads to a more negative v, for neutrons, consequently a
larger value of vj-v4. These findings are consistent with
many previous studies [36, 49-52]. We establish once
more that the impact of the m;,_, on v;—4 is more evident

with the soft, rather than stiff, symmetry energy.
E,,=0.4 GeV/nucleon E_ =0.6 GeV/nucleon

0.00 1
-0.05
>N
-0.10 1
o ;.\ *
-0.15} * FOPI 1 b=3.4-6.0 fm ki
- - - asy-soft m <m, asy-hard m'<m’ %
T N s
e @sy-soft m >m —m asy-hard m>m = 1
_020 1 1 P 1 1 Il
00 05 10 15 00 05 10 15 20
U U
Fig. 5. (color online) Normalized transverse velocity u, de-

pendence of v, of free protons produced in semi-central (3.4
< b < 6.0 fm) 7Au+!"7 Au collisions at beam energies 0.4
(a) and 0.6 (b) GeV/nucleon. Rapidity cut [y <0.4 is
chosen to be the same as in FOPI experimental data from
Ref. [48].

—0 4 GeV/nucIeon E, —0 6 GeV/nucIeon

asy-hard m <m

0.02

(a) --- asy-soft m <m (b)
me asy-hard mn>mp

IY,l<0.4
b=3.4-6.0 fm
_002 Il Il 1 1 1 L
00 05 10 15 00 05 10 15 20
Uo Ug
Fig. 6. (color online) Elliptic flow difference of free neut-

rons and free protons generated in semi-central (3.4 <b < 6.0
fm) 197 Au+'"7 Au collisions at beam energies 0.4 (a) and 0.6
GeV/nucleons (b) as a function of u, with rapidity win-
dows |yg| < 0.4.
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3.3 Beam-energy dependence

Higher density nuclear matter can be created in HICs
with higher beam energies, as displayed in the upper pan-
el of Fig. 7, where the nuclear density at the central re-
gion in AutAu collisions at various beam energies is
plotted as a function of the reaction time. The central
density reaches 2pp and 3py at beam energies of 0.4
GeV/nucleon and 1.5 GeV/nucleon, respectively. The
duration of the high density phase is gradually shortened
by increasing the beam energy. To reveal the environ-
ment density of the free nucleons (which are recognized
at the end of the reaction) experienced during the colli-
sion, the density profiles of free nucleons are traced back
to ¢t =15, 10, 15, 20 fm/c and displayed in the lower panel
of Fig. 7. At t = 10-15 fm/c (the moment of maximum
compression stage at Ep,p, = 1.0 GeV/nucleon), most free
nucleons (that are recognized at the end of the reaction)
are located in an environment with a density larger than
the saturation density. During this period, the momentum
transfer is very large because of the nucleon-nucleon col-
lision and high pressure. At ¢ =15 fi/c, the system be-
gins to expand rapidly and the momentum of free nucle-
ons are already close to their final values [58]. In addi-
tion, by applying rapidity and transverse velocity cuts, the
selected nucleons will fly from the high-density to the
low-density region and become free very rapidly, so as to
only weakly interact with other nucleons after ¢ = 15
fm/c. Accordingly, the elliptic flow of free nucleons can
reflect high-density behavior of the mean-field potential.

It has been widely discussed that the elliptic flow ra-
tio (difference) between neutrons and protons at mid-
rapidity reflects the high density behavior of the nuclear
symmetry energy [36, 45, 49—52]. On the one hand, the
impact of Egym(p) and the m;,_, on observables is expec-
ted to be more pronounced at higher energies than at
lower energies, because a larger difference exists at high-
er densities. On the other hand, the influence may be sup-
pressed because of the more violent collisions at higher
energies. To more systematically illustrate the influence
of the Egym(p) and m;_, on v, in a larger range of beam
energy, the elliptic flow of free protons and neutrons, as
well as their difference v;—v} are plotted in Figs. 8 and 9,
respectively, as a function of beam energy from 0.09 to
1.5 GeV/nucleon. The FOPI data of elliptic flow of free
protons at mid-rapidity (|yol<0.2) is reproduced fairly
well. The elliptic flow first decreases to a minimum value
at about 0.6 GeV/nucleon, then steadily increases with
the beam energy. This phenomenon has been extensively
studied and discussed, e.g., Refs. [58, 59]. The negative
v, at intermediate energies originates from the fact that
the presence of spectator matter leads to more nucleons
emitted out of the plane. With further increase in the
beam energy, v, increases to a positive value at the beam
energy around 5 GeV/nucleon, because the spectator mat-

4 Au+Au b=4 fm
—— E=0.25 GeV/nucl. """ E=0.6 GeV/nucl.
F---E=0.4 GeV/nucl. — 7~ E=0.8 GeV/nucl {

E=1.0 GeV/nucl.
E=1.2 GeV/nucl.]
E=1.5 GeV/nucl.|

0 N 1 L 1 L 1 L 1 " 1 s
0 5 10 15 20 25 30
t (fm/c)
40 T T T T T T
E=1.0 GeV/nucl. ... t=5 fm/c
u,>0.8 —t=10 fm/c
32_ I,"\ |y |S02 AAAAAAAAAAAA t=15 fm/c
i o —-=--t=20 fm/c |
o [
= 24+ Y . T
_\6 , \_\ PRt
% 16_ ' \«\:' -
i SN
i N
ol " |
i,
0+ =

00 05 10 15 20 25 30 35
PP,

Fig. 7.

spect to time at central region (origin of coordinates) in

AutAu collisions with » = 4 fm and various beam energies
(upper panel). Density profile of nucleons recognized as

(color online) Evolution of nuclear density with re-

free nucleons at end of reaction (lower panel). Results from
Eip = 1.0 GeV/nucleon and at 1 =5, 10, 15, 20 fm/c are dis-
played as an example.

ter passes through the interaction region rapidly and no
longer blocks expansion of the compressed matter [60].
At beam energies < 0.15 GeV/nucleon, v, becomes posit-
ive, which represents a preferential in-plane emission (ro-
tational-like). Fig. 9 shows that with present variation
ranges of mf,,,, and the symmetry energy slope parameter
L, the impact of Egm(p) is comparable to that of my,_, on
Vi-v) at beam energies < 0.25 GeV/nucleon. Meanwhile,
at higher beam energies, Eqm(p) has a stronger influence
on v; —v} than m;,_,. The main reason is that the contribu-
tion of the momentum-dependent component to the sym-
metry potential may be comparable to that of the density-
dependent component at lower beam energies (lower
density). With increasing beam energy, nuclear matter
with higher densities and more energetic nucleons is pro-
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Fig. 8.  (color online) Beam energy dependence of elliptic

flow of free protons (a) and neutrons (b) at mid-rapidity
(Iyol<0.2) from semicentral (3.1 <b<5.6 fim) 7Au+'7 Au
collisions. u,> 0.8 is chosen to be same as in FOPI experi-
mental data provided by Ref. [58].
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Fig. 9. (color online) Excitation function of elliptic flow dif-

ference between free neutrons and protons v4-v) in semi-

central (3.1 <b< 5.6 fm) 197 Au+'%7 Au collisions with u,> 0.8

cut.

duced, and the contribution from the density-dependent
component may be more pronounced because of the near
equivalence of the free and effective masses at the higher
relative momenta prevailing at higher beam energies.

Moreover, the impact of both Esym(p) and m,_, on v} —vé’

is gradually weakened by the increase of beam energy, as
the mean field effects are weakened in more violent colli-
sions occurring at higher energies. Thus, beam energies
within 0.6 ~ 1.0 GeV/nucleon are suggested to probe the
Eqm(p), especially at supranormal densities, because the
neutron-proton effective mass splitting effect is relatively
weak, whereas the symmetry energy effect is remains sig-
nificant.

4 Summary

The effects of the neutron-proton effective mass split-
ting m,_, and the density-dependent symmetry energy
Eqm(p) on the elliptic flow in "7 Au+'"7 Au collisions at
beam energies of 0.09-1.5 GeV/nucleon are investigated
within the UrQMD model. The FOPI data of elliptic flow
of free protons at mid-rapidity (Jyol<0.2) is reproduced
fairly well. With present parameter sets, i.e., where the
difference in the slopes of the two Egm(p) is approxim-
ately 75 MeV, and the variation of m;_, ranges from
—0.03 to 0.03 at saturation density of 6 =0.2, at a lower
beam energy (< 0.25 GeV/nucleon), the elliptic flow dif-
ference between neutrons and protons v; —v4 is sensitive
to both the Egym(p) and the m;,_,, and their influences are
comparable with each other. Meanwhile, at higher beam
energy (>0.25 GeV/nucleon), the v; —v4 is more sensit-
ive to Esym(p) than m;,_,. To distinguish these two effects,
we suggest that the high transverse-momentum particles
from peripheral collisions may serve as a potential probe,
as observables (e.g., elliptic flow) at high impact para-
meters and transverse momenta are sensitive to the mo-
mentum dependence of the mean-field potential [61].
Furthermore, the impact of m;,_, on v —v} is more evid-
ent in the parameter set with the soft, rather than the stiff,
symmetry energy. Beam energies within 0.6~ 1.0
GeV/nucleon are suggested to probe the density-depend-
ent symmetry energy at supranormal densities, as the
neutron-proton effective mass splitting effect is relatively
weak, whereas the symmetry energy effect remains signi-
ficant.
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