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Abstract Within a transport model using nucleon

momentum profiles as the input from a parameterized

isospin-dependent single-nucleon momentum distribution,

with a high momentum tail induced by short-range corre-

lations, we employ 197Au ? 197Au collisions at 400 MeV/

nucleon to examine the effects of the short-range correla-

tions on the pion and flow observables in probing the

nuclear symmetry energy. We investigate how reliable this

isospin-dependent single-nucleon momentum distribution

is and determine the corresponding parameter settings.

Apart from the significant effects of the short-range cor-

relations on the pion and flow observables that are

observed, we also find that the theoretical simulations of

the 197Au ? 197Au collisions with this momentum distri-

bution using two sets of parameters, extracted from the

experimental analysis and the self-consistent Green’s

function prediction, can reproduce the neutron elliptic

flows of the FOPI-LAND experiment and the p�=pþ ratios

of the FOPI experiment, respectively, under the symmetry

energy setting in a particular range. Therefore, we conclude

that this parameterized isospin-dependent single-nucleon

momentum distribution is reliable for isospin-asymmetric

nuclear matter. Correspondingly, two sets of parameters

extracted from both the experimental analysis and the self-

consistent Green’s function prediction cannot be excluded

according to the available experimental information at

present.

Keywords Single-nucleon momentum distribution �
Isospin-asymmetric nuclear matter � Short-range
correlations � Heavy-ion collisions � Symmetry energy

1 Introduction

The determination of the equation of state (EoS) of

dense isospin-asymmetric nuclear matter (IANM) is a

fascinating problem in nuclear physics and nuclear astro-

physics, owing to its vital importance in studying the

structure of radioactive nuclei and the evolution of compact

stars. This topic has thus attracted significant attention in

the past few decades; see Refs. [1, 2] for recent compre-

hensive reviews. The predictions of the EoS of dense

IANM, particularly its density-dependent symmetry energy

term, are still discrepant, even controversial, at the

suprasaturation density [3–5]; however, many isospin sig-

nals have been proposed, with the aim of detecting the EoS

of dense IANM Refs. [1, 2, 6, 7]. This is primarily because

the isovector part of the nuclear interactions is significantly

weaker than the isoscalar part; thus, these isospin signals
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can typically be interfered by other factors in theoretical

simulations and experimental measurements. Therefore,

some attempts on strategic studies [8] and covariance

analyses [9] of these isospin observables, as well as some

comparative projects [10] between different theoretical

communities, have been done to understand the origin of

these discrepancies. Alternatively, some studies on the

deficiency of the mechanism itself in theoretical simula-

tions also present the correct direction to the solution of

these discrepancies, for example, the pion potential

[11–13] and the D isovector potential [14, 15] have been

confirmed to interfere with the sensitivity of the

p�=pþ ratio in probing the nuclear symmetry energy using

heavy-ion collisions (HICs).

The momentum distribution of nucleons in a nuclear

system, as the direct reflection of strong interactions at

short distances, is a long-standing interest in nuclear phy-

sics [16, 17]. In particular, the discovery of correlated

nucleons pairs in a 12C nucleus in high energy electron

scattering experiments at the Jefferson Laboratory (JLab)

[16] aroused higher enthusiasm in studying the momentum

distribution of nucleons and their short-range correlations

(SRCs) in the past decades; see Refs. [17, 18] for com-

prehensive reviews. Qualitatively, some general knowledge

on the nucleon momentum distribution (NMD) has been

gained, i.e., the tensor component of nuclear interactions

can typically push a few nucleons from low to high

momentum, leading to a high momentum tail (HMT) above

the nucleon Fermi momentum kF and a corresponding low

momentum depletion (LMD) below the kF in the NMD

[17, 18]. Moreover, a qualitative consensus of the np

dominance of SRC pairs in the HMT has been reached by

various theoretical and experimental investigations

[19–22]. Quantitatively, the experimental analyses at the

JLab suggest that approximately 20% of nucleons are in the

HMT of a nucleus, from light 12C [16] to heavy 208Pb

[22, 23]. Moreover, the systematic analyses of these results

from the experiments at the JLab indicate that the fraction

of nucleons in the HMT is approximately 25% in the

symmetric nuclear matter (SNM) at the saturation density

q0 [24]. However, the theoretical calculations begin to

deviate significantly from this suggested fraction for the

HMT in the SNM at q0. For example, the self-consistent

Green’s function (SCGF) approach, employing the Av18

interaction, predicts that only 11–13% of nucleons are in

the HMT for the SNM at q0; however, a higher fraction of

4–5% of nucleons are in the HMT for the pure neutron

matter (PNM) at q0 [25].The Bruckner-Hartree-Fock cal-

culations go so far as to suggest a wide range for nucleons

in the HMT in the SNM at q0, from approximately 10%,

using the N3LO450 interaction, to approximately 20%,

using the Av18, Paris, or Nij93 interactions [26].

Recently, guided by the aforementioned studies, a

parameterized isospin-dependent single NMD, with an

HMT induced by SRCs, i.e.,

nJkðq; dÞ ¼
DJ þ bJI jkj=kJF

� �
; 0\jkj � kJF;

CJ kJF=jkj
� �4

; kJF\jkj �/Jk
J

F;

8><
>:

ð1Þ

was proposed for the IANM [18, 27]. Here, the parameters

DJ and bJ characterize, respectively, the depletion of the

Fermi sphere at zero momentum and the strength of

momentum-dependent depletion through the momentum-

dependent function Iðjkj=kJFÞ � ðjkj=kJFÞ
2
in the range of

0\jkj � kJF, with kJF ¼ ð3p2qJÞ1=3, where the index J

denotes protons or neutrons. The parameters CJ and /J are

the amplitude and cutoff value of the high momentum

distribution, respectively; all four parameters can be

expressed in isospin asymmetry d in the general form of

YJ ¼ Y0ð1þ Y1sJ3dÞ, with sn3 as 1 for neutrons and sp3 as

- 1 for protons. It should be mentioned that the normal-

ization condition ½2=ð2pÞ3�
R1
0

nJkðq; dÞdk ¼ qJ ¼
ðkJFÞ

3=3p2 requires that only three of these four parameters

are independent; therefore, one can use CJ , /J , and bJ as

the independent parameters, as in Refs. [18, 27]. Moreover,

to approximately cover the recent experimental findings

[22, 24] and the SCGF calculations [25], the studies in

Refs. [18, 27] extracted two sets of parameters: One is the

HMT-SCGF parameter, i.e., C0 ¼ 0:121, C1 ¼ � 0:01,

/0 ¼ 1:49, /1 ¼ � 0:25, and b0 ¼ b1 ¼ 0, which leads to

a fraction of the total nucleons, approximately 12.6% in the

HMT, in a finite 197Au nucleus at q0 and the corresponding

fractions of high-momentum protons and neutrons over

total protons and neutrons are approximately 15% and

11%, respectively; Another is the HMT-exp. parameter,

i.e., C0 ¼ 0:161, C1 ¼ �0:25, /0 ¼ 2:38, /1 ¼ �0:56,

b0 ¼ �0:27, and jb1j � 1, which leads to a fraction of total

nucleons, approximately 25.2% in the HMT, in a finite
197Au nucleus at q0 and the individual fractions of high-

momentum protons and neutrons are approximately 30%

and 22%, respectively. For more details about this isospin-

dependent NMD, we refer readers to Refs. [18, 27].

2 The model

2.1 Initialization of the model

The present study is carried out in the framework of an

isospin- and momentum-dependent Boltzmann–Uehling–

Uhlenbeck (IBUU) transport model [28]. As the first step,
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the startup of the IBUU model is the initialization of col-

liding nuclei in the coordinate and momentum spaces. To

initialize the finite 197Au nucleus in the momentum space,

we have transformed the above NMD for the IANM into

that for the finite 197Au nucleus, using the local-density

approximation [29]. The specific distributions generated

from the initialization in our reaction model are shown in

Fig. 1. Consistent with the previous theoretical results

[19–21, 30] and the recent experimental evidence [23], a

higher fraction of high-momentum protons than that of

neutrons, in a neutron-rich nuclear system, results from the

np dominance of SRC pairs in the HMT. Moreover, except

for the observed LMD below the kF and the corresponding

HMT above the kF, the nucleon momentum profiles gen-

erated from this isospin-dependent NMD are very similar

to those without the consideration of SRCs, thus, prelimi-

narily indicating the feasibility of initialization using this

isospin-dependent NMD in the momentum space. Cer-

tainly, the reliability of specific parameter settings based on

this distribution still requires verification, as shown in the

following parts. Additionally, because the fraction of high-

momentum nucleons calculated with the HMT-exp.

parameter is higher than that in the calculations with the

HMT-SCGF parameter, a more apparent LMD below the

kF, and the corresponding HMT above the kF, can be

observed in calculations with the HMT-exp. parameter.

Therefore, some sensitive observables of the NMD are

expected to reflect these differences in 197Au?197Au col-

lisions. Moreover, we have also checked the effects of the

value b1 in the allowed range on the NMD in the 197Au

nucleus and found that the NMD of the 197Au nucleus is

less influenced by the value of the b1 parameter. Thus, we

randomly choose the value for b1 in the allowed range in

this study.

2.2 Interaction used in the model

For the nuclear interaction used in the present study, we

take the form similar to our recent work [31, 32] because

this nuclear interaction has considered details that are more

reasonable, including distinguishing the density depen-

dencies of in-medium nn, pp, and np interactions in the

effective many-body force term [33], as well as fitting the

high-momentum behaviors of the nucleon optical potential

extracted from nucleon-nucleus-scattering experiments

[34]. Specifically, the nuclear interaction used in this study

is expressed as

Uðq; d; p~; sÞ ¼ AuðxÞ
q�s

q0
þ AlðxÞ

qs
q0

þ B

2

2qs
q0

� �r

ð1� xÞ

þ 2B

rþ 1

q
q0

� �r

ð1þ xÞ q�s

q
1þ ðr� 1Þ qs

q

� �

þ
2Cl
q0

Z
d3p0

fsðp~0Þ
1þ ðp~� p~0Þ2=K2

þ 2Cu

q0

Z
d3p0

f�sðp~0Þ
1þ ðp~� p~0Þ2=K2

;

ð2Þ

and the corresponding like-type and unlike-type parameters

AlðxÞ and AuðxÞ are expressed in forms of

AlðxÞ ¼Al0 �
2B

rþ 1

ð1� xÞ
4

rðrþ 1Þ � 1þ x

2

� �
; ð3Þ

AuðxÞ ¼Au0 þ
2B

rþ 1

ð1� xÞ
4

rðrþ 1Þ � 1þ x

2

� �
: ð4Þ

The parameter x embedded in the above expressions

mimics the slope value L � 3qðdEsym=dqÞ of the nuclear

symmetry energy at q0, predicted by various many-body

theories, without changing the value of the nuclear sym-

metry energy EsymðqÞ at q0 and any properties of the

SNM. Generally, without the consideration of correlations

in a nuclear system, the kinetic part of the nuclear sym-

metry energy is calculated from the free Fermi gas model

as EkinsymðqÞ ¼ 8pp5
f
=9mh3q�12:5ðq=q0Þ2=3, with Fermi

momentum pf ¼ �hð3p2q=2Þ1=3. Because the SRCs signifi-

cantly reduce the EkinsymðqÞ, according to some microscopic

calculations [30, 35] and experimental studies [22, 24], we

need to modify this expression. As was indicated in Ref.

[30], what we identify as correlation driven is the reduction

of EkinsymðqÞ; therefore, the EkinsymðqÞ is the sole criterion

that can guide one to incorporate the SRC effects into

nuclear effective interactions phenomenologically. To this

end, we readjust the parameters of the nuclear interactions

to phenomenologically incorporate the SRC effects into

nuclear effective interactions for the SRC scenario.

Fig. 1 (Color online) Momentum distributions of a protons and b

neutrons in the initial 197Au nucleus, with and without the consid-

eration of SRCs. The normalization condition

½2=ð2pÞ3�
R1
0

nJkðq; dÞdk=qJ=ðkJFÞ
3=3p2 is used
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Moreover, considering that only a minority of nucleons are

SRC correlated, we assume that the kinetic symmetry

energy also holds for the 2/3 regularity, with respect to

densities. According to a microscopic calculation [35], the

symmetry energy at q0 is almost from its potential part. It is

for this reason that we employ the expression EkinsymðqÞ ¼
12:5

�
ðq=q0Þ

2=3 � 1
	
for the kinetic symmetry energy to

meet this demand for the SRC scenario, similar to the

previous study [36]. Using empirical constraints on the

properties of symmetric and/or asymmetric nuclear matter

at q0 ¼ 0:16 fm�3 (see, Ref. [37] for the detailed con-

straints used in this study) we have fitted the parameters of

the nuclear interactions, i.e., Al0, Au0, B, Cl, Cu, r, and K,
for the scenarios without and with SRCs, respectively.

Specifically, the values of two sets of parameters, denoted

as ‘‘w/o HMT’’ and ‘‘with HMT,’’ are shown in Table 1.

Obviously, the isoscalar potentials U0ðq; pÞ under the

consideration of SRCs are completely identical with those

without, at either low densities or high densities, because

only the symmetry energy is used as the criterion of the

correlation-driven effects. As a result, the corresponding

EoS of the SNM are completely identical to each other in

these scenarios, as shown in Fig. 2. As indicated in

Eq. (34) of Ref. [33], the EoS of SNM is actually involved

in the combination of parameters Cl and Cu, instead of

their individual values, i.e., Cl þ Cu; therefore, the SRCs

will naturally not affect the EoS of SNM at either low

densities or high densities. However, the symmetric

potentials with the consideration of SRCs will begin to

deviate significantly from those without. Naturally, through

decomposing the single-nucleon potential in Eq. (2), i.e.,

Up;nðq; d; pÞ�U0ðq; pÞ þ Usymðq; pÞðsdÞ, with s ¼ 1 for

neutrons and �1 for protons, one can find that the nuclear

interaction in Eq. (2) employing the ‘‘with HMT’’ param-

eter is essentially different from that with the ‘‘w/o HMT’’

parameter, although an identical expression of nuclear

interactions in form is used in these two different scenarios.

In principle, for the SRC scenarios, but for different ini-

tialization, i.e., the HMT-SCGF parameter and HMT-exp.

parameter, we should exactly fit the different nuclear

interaction parameters according to the different fractions

of SRC nucleons, instead of using an identical interaction

parameter, i.e., the ‘‘with HMT’’ parameter. However, the

quantitative results regarding this issue are still inconclu-

sive, according to present microscopic calculations

[30, 35]. Owing to what we can identify as correlation

driven is the reduction of EkinsymðqÞ [30]; therefore,

EkinsymðqÞ is the sole criterion that can guide one to incor-

porate the SRC effects into nuclear effective interactions

phenomenologically. However, considering the fact that

the shapes of NMD for these two cases are similar to each

other, their differences are only the initial maximum

momentum and the specific fraction of high-momentum

nucleons; therefore, the utilization of identical nuclear

interactions in form for these two cases is suitable at the

level of the mean field. It should be emphasized that the

initialization effects, and thus, the resulting differences of

the initial maximum momentum of SRC nucleons, as well

as their fractions in these two cases, will also be incorpo-

rated into the dynamics process of the reactions through the

momentum dependent Cl and Cu integral terms.

Instead of the traditional Coulomb field used in the

theoretical simulations of nucleus–nucleus collisions, the

Liénard–Wiechert formulae [38, 39] are also used for the

relativistic calculations of electromagnetic interactions

created by fast-moving charged particles during HICs in

the present study, i.e.,

eE~ðr~; tÞ ¼ e2

4pe0

X
n

Zn
c2 � v2n

ðcRn � R~n � v~nÞ3
ðcR~n � Rnv~nÞ; ð5Þ

Table 1 The parameters used in the present study

Parameters W/o HMT With HMT

Al0 (MeV) � 96:963 � 96:963

Au0 (MeV) � 36:963 � 36:963

Cl (MeV) � 40:820 � 24:719

Cu (MeV) � 119:368 � 135:469

B (MeV) 141.963 141.963

r 1.2652 1.2652

K=pf 2.424 2.424

Fig. 2 (Color online) EoS of symmetric nuclear matter calculated

with (blue solid hexagon) and without (Red solid circle) the

consideration of SRCs
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eB~ðr~; tÞ ¼ e2

4pe0

X
n

Zn
c2 � v2n

ðcRn � R~n � v~nÞ3
v~n � R~n; ð6Þ

because they can also significantly affect some isospin

observables, such as the p�=pþ ratio and the neutron–

proton differential transverse flow in HICs at intermediate

energies, especially at approximately 400 MeV/nucleon,

see Refs. [31, 32] for more details. Moreover, to improve

the accuracies of the theoretical simulations of HICs, we

have also considered the pion potential and the D isovector

potential in the present study. Specifically, when the pionic

momentum is higher than 140 MeV/c, we adopt the pion

potential based on the D-hole model, of the form used in

Ref. [40]; when the pionic momentum is lower than 80

MeV/c, we use the pion potential of the form used in Refs.

[41–43], while for the pionic momentum in the range from

80–140 MeV/c, an interpolative pion potential constructed

by O. Buss in Ref. [40] is used. For the effects of this pion

potential on the isospin observables, such as the

p�=pþ ratio in HICs, we refer readers to Ref. [12] for more

details. For the D potential, guided by the earlier studies

[14, 15] and according to the decay mechanism of D res-

onances, we use an isospin-dependent D potential in the

present study, i.e.,

UðDþþÞ ¼ fDUðpÞ; ð7Þ

UðDþÞ ¼ fD
1

3
UðnÞ þ 2

3
UðpÞ

� �
; ð8Þ

UðD0Þ ¼ fD
2

3
UðnÞ þ 1

3
UðpÞ

� �
; ð9Þ

UðD�Þ ¼ fDUðnÞ: ð10Þ

The quantitative results of the D potential are still incon-

clusive at present; however, considering that the depth of

the nucleon potential is approximately - 50 MeV, while

that of the D potential is empirically constrained around

- 30 MeV, we additionally introduce an identical factor

fD ¼ 2=3 for them to meet this demand, even though this

factor may be different for the D resonances with different

charged states.

3 Results and discussions

Before presenting the results of our study, we first

examine the emission time and emission rate of nucleons

during collisions to verify the stability of our model. To

this end, we use the criterion of the last strong interaction

to calculate the average emission time and emission rate

for nucleons in the target of the 197Au ? 197Au collisions,

without distinguishing the proton and neutron. Statically,

the presence of nucleons with a momentum greater than kF

in the initial target will naturally cause an increase in

nucleon emissions in the initial reaction stage, owing to the

larger pressure generated in the collision region by these

high-momentum nucleons and their violent collisions. The

effects of the correlations between these nucleons will

cause a corresponding reduction of nucleon emissions to

compete with the former. However, at the initial reaction

stage, the effect of the former will dominate. As expected,

for nucleons with a momentum greater than approximately

600 MeV/c, their average emission time shows sensitivities

to the fraction of SRC nucleons, as shown in panel (a) of

Fig. 3, i.e., compared to cases excluding and/or including

fewer SRC nucleons in the target, the case including more

SRC nucleons in the colliding nuclei gets the preequilib-

rium nucleons with faster emission. Additionally, as shown

in panel (b) of Fig. 3, the nucleon emission rate before

approximately 27 fm/c shows a larger value in SRC sce-

narios, in particular, for that with the HMT-exp. parameter.

This implies that more SRC nucleons in the target cause

more nucleons emitted in this period. At the early reaction

stage, as the projectile gradually approaches and then

compresses the target, nucleons in the target with a

momentum of more than kF have a greater probability to be

accelerated into the region of momentum greater than

approximately 600 MeV/c. For this reason, we observe the

larger emission rate before approximately 27 fm/c in col-

lisions for the scenario with more SRC nucleons in the

colliding nuclei in panel (b) of Fig. 3. For the SRC sce-

nario, with the emission of more preequilibrium nucleons

at the early reaction stage, the remainders are naturally less

than those in collisions without the consideration of SRCs.

Consequently, for the later reaction stages, the nucleon

emission rate in collisions without SRCs will dominate,

compared with those in collisions with SRCs. Indeed, for

the nucleon emission after approximately 27 fm/c, the

smaller emission rate is seen in the scenario with more

SRC nucleons in the colliding nuclei, as shown in panel

(b) of Fig. 3. Moreover, before and/or even at 15 fm/c, we

Fig. 3 (Color online) Average a emission time and b emission rate

for nucleons in scenarios with and without the consideration of SRCs.

The soft symmetry energy with parameter x ¼ 1 is used
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can observe that the nucleon emission rate is not more than

2.5%; the stability of the ground states at this level,

therefore, guarantees that the statistical results obtained

here sufficient.

We now verify the influences of SRCs on the final

reaction products in 197Au ? 197Au collisions. First, we

examine the effects of the SRCs on the pion observable. To

this end, the dynamic ratio (p�=pþ )like defined as

ðp�=pþÞlike �
p� þ D� þ 1

3
D0

pþ þ Dþþ þ 1
3
Dþ ; ð11Þ

can be used to check the effects of SRCs on the dynamic

production of pions. The dynamic ratio (p�=pþ )like will

naturally become the free p�=pþ ratio at the end of the

reactions because all the D resonances will decay into

nucleons and pions. Shown in Fig. 4 are the time evolu-

tions of the dynamic ratios (p�=pþ )like in central 197Au ?
197Au collisions at 400 MeV/nucleon, with and without the

consideration of SRCs. First, it can be observed that

without the consideration of SRCs, the dynamic ratio

(p�=pþ )like during reactions, and thus, the p�=pþ ratio at

the end of reactions, are generally larger than those with

the consideration of SRCs, regardless of the HMT-SCGF

parameter or the HMT-exp. parameter is used in calcula-

tions. Second, consistent with the established systematics

for pion productions [44], it can be found that the

p�=pþ ratio is indeed sensitive to the density-dependent

nuclear symmetry energy EsymðqÞ . However, we can also

observe a decreased sensitivity of the p�=pþ ratio to the

nuclear symmetry energy, with the consideration of SRCs,

and this phenomenon is more apparent for the case with the

HMT-exp. parameter. This observation can be easily

understood within the consensus reached about the SRC

nucleons in the HMT. Due to the np dominance of SRC-

nucleon pairs in the HMT [19–22], the higher fraction of

SRC nucleons in the HMT naturally leads to more np pairs

in the reaction system, thus causing further reduction of the

isospin asymmetry of the reaction system. Naturally, the

dynamic ratio (p�=pþ )like during reactions, i.e., the final

p�=pþ ratio show a decreased sensitivity to the nuclear

symmetry energy. To understand the first observation, we

should consider the dynamic multiplicities of p� and pþ in

a quantitative manner shown in the following discussion.

Shown in Fig. 5 are the multiplicities evolutions of

dynamic p� and pþ, with a particular symmetry energy,

with parameter x ¼ 1 in the same reaction, which are

determined by p� þ D� þ 1
3
D0 and pþ þ Dþþ þ 1

3
Dþ,

according to the decay mechanism of D resonances. The

observation of more p� and pþ produced in scenarios with

the consideration of SRCs is expected, as opposed to

without the consideration of SRCs. Consequently, the

dynamic ratio (p�=pþ )like during reactions, and thus, the

final p�=pþ ratio, may alter to different extents, according

to the specific fraction of SRC nucleons. More specifically,

according to the following formula

R �
jðp	Þwith � ðp	Þw=oj

ðp	Þwith þ ðp	Þw=o
h i

=2
� 100%; ð12Þ

, we can calculate the relative effects of SRCs on the final

multiplicities of p� and pþ; the corresponding results

employing the HMT-exp. parameter and the HMT-SCGF

parameter are shown in Fig. 6. The figure shows that

regardless of whether the HMT-SCGF parameter or the

HMT-exp. parameter is used in calculations, the increment

of pþ is more than that of p�, leading to a corresponding

Fig. 5 (Color online) Multiplicities evolutions of dynamic a pþ and b

p� in central 197Au ? 197Au collisions at 400 MeV/nucleon, in

scenarios with and without the consideration of SRCs. The soft

symmetry energy with parameter x ¼ 1 is used

Fig. 4 (Color online) Time evolutions of the ðp�=pþÞlike ratios in

central 197Au ? 197Au collisions at 400 MeV/nucleon, with the

symmetry energy ranging from the superhard with x ¼ �1 to the

supersoft with x ¼ 2. The panels a and b are the results in scenarios

without and with the consideration of SRCs, respectively

123

71 Page 6 of 11 G.-F. Wei et al.



reduction of the p�=pþ ratio. This is why we observe the

p�=pþ ratio generally decreasing in scenarios with the

consideration of SRCs in Fig. 4. One may suspect why the

increment of pþ is more than that of p� in reactions for

particular parameter settings. Similar to the above discus-

sion, owing to the np dominance of SRC-nucleon pairs,

which results in larger probabilities of protons than neu-

trons in the HMT in neutron-rich systems, more energetic

proton–proton collisions can cause more pþ productions.

Naturally, compared to the case with the HMT-SCGF

parameter, the case with the HMT-exp. parameter can lead

to more high-momentum nucleons in the colliding nuclei,

and thus, a greater increment of pþ than p�, and more np

pairs. For this reason, the corresponding p�=pþ ratio has

smaller values and a weaker sensitivity to the nuclear

symmetry energy.

Before investigating the effects of SRCs on the collec-

tive flow of nucleons, we first compare the final multi-

plicities of p� and pþ and their p�=pþ ratios with the

available data to examine the reliability of this isospin-

dependent single NMD and the two corresponding sets of

parameters for the IANM. Shown in panels (b) and (c) of

Fig. 7 are the final multiplicities of p� and pþ, generated in
central 197Au ? 197Au collisions for the scenarios with

SRCs and those from the FOPI experiment [44]. As a

comparison, we also display the corresponding results of

central 197Au ? 197Au collisions for the scenario without

SRCs. Without the consideration of SRCs, the multiplici-

ties of both p� and pþ are significantly underestimated in

calculations with all x parameters used here; on the con-

trary, the multiplicities of both p� and pþ are significantly

overestimated in calculations using the HMT-exp. Param-

eter. However, for the case using the HMT-SCGF

parameter, the theoretical simulations of the 197Au ? 197Au

collisions can reproduce the multiplicities of both p� and

pþ of the FOPI experiment, with the symmetry energy

parameter x setting approximately in the range from 0–2.

To reduce the systematic errors in probing the symmetry

energy using the multiplicities of charged pions, their ratios

p�=pþ are typically used as a more effective observable of

the symmetry energy in HICs at intermediate energies.

Therefore, panel (a) of Fig. 7 shows the ratios p�=pþ of

charged pions from the FOPI experiments [44] and the

corresponding theoretical simulations in the same reac-

tions, with and without the consideration of SRCs. It can be

clearly observed that the theoretical simulations of the
197Au? 197Au collisions, using the HMT-SCGF parameter,

can effectively reproduce the p�=pþ ratio of the FOPI data

under the symmetry energy setting, in a range of parameter

x no less than 1. Therefore, from the consistencies of both

pion multiplicities, and their ratios, in theoretical simula-

tions using the HMT-SCGF parameter with the FOPI

experimental data, we can conclude that this isospin-de-

pendent single NMD given in Eq. (1), and the corre-

sponding HMT-SCGF parameter are reliable for the

IANM. Correspondingly, this result also qualitatively

favors a mildly soft prediction for the nuclear symmetry

energy at high densities. One can also observe that without

the consideration of SRCs, the ratio p�=pþ of charged

pions can also reproduce the FOPI experimental data, even

with all x parameters used here. However, it needs to be

emphasized that the multiplicities of both p� and pþ in this

case deviate too far from the FOPI experimental data.

We now investigate the effects of the SRCs on the

collective flows of the nucleons. As a typical collective

flow, the elliptic flows of nucleons defined as

(a) (b)

Fig. 6 (Color online) Relative effects of the SRCs on the final

multiplicities of a p� and b pþ in central 197Au ? 197Au collisions at

400 MeV/nucleon

(a) (b)

Fig. 7 (Color online) Final multiplicities of p� and pþ and the

corresponding p�=pþ ratios, compared with those from the FOPI

experiment in central 197Au ? 197Au collisions at 400 MeV/nucleon,

without and with the consideration of SRCs
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v2 ¼
p2x � p2y

p2x þ p2y

* +
; ð13Þ

are widely used as the probe of the isovector part of the

nuclear interactions in HICs at intermediate energies, and

the properties of the hot and dense matter formed in the

early stage of HICs at relativistic energies Refs. [45–47].

Presently, predictions on the nuclear symmetry energy

using the elliptic flow of nucleons are primarily through

comparing theoretical simulations with the available data

in FOPI-LAND and/or ASY-EOS experiments [48, 49].

For example, based on these data, the Tübingen quantum-

molecular-dynamics (TüQMD) [50] model and ultrarela-

tivistic quantum-molecular-dynamics (UrQMD) [51]

model consistently favor a moderately soft prediction for

the nuclear symmetry energy at high densities. To extract

the precise information about the nuclear symmetry energy

using the elliptic flows of the nucleons in HICs, the effect

of the SRCs on the elliptic flows of the nucleons must be

known. More over, to further verify the reliability of this

isospin-dependent NMD and the corresponding parameter

settings, we compare our theoretical simulations of the

elliptic flows of the nucleons with those from the experi-

ment in the FOPI-LAND collaboration [48, 50], examining

the effects of the SRCs on the elliptic flows of the nucle-

ons. Shown in Fig. 8 are the elliptic flows of the nucleons

in the semicentral 197Au ? 197Au collisions, with an impact

parameter b ¼ 7:2fm and a beam energy of 400 MeV/nu-

cleon. With the consideration of SRCs, the squeezed out

elliptic flows of both neutrons and protons are decreased

because the correlations enhance the difficulties of aniso-

tropic nucleons emissions; this phenomenon is especially

apparent for the scenario using the HMT-exp. Parameter,

due to the stronger correlation effects in this scenario.

Again, because the dominance of the np SRC pairs reduces

the isospin asymmetry of reaction systems, we can also

observe a reduced sensitivity of the elliptic flows to the

nuclear symmetry energy. Moreover, it can be observed

that the elliptic flows of the protons in the FOPI-LAND

experiment were not reproduced in our theoretical simu-

lations, regardless of using the HMT-SCGF parameter or

the HMT-exp. parameter. Interestingly, it is observed that

with the symmetry energy set in a range with parameter x

no less than approximately 0.9, the elliptic flows of the

neutrons in the FOPI-LAND experiment can be well

reproduced by the theoretical simulations of the 197Au ?
197Au collisions employing the HMT-exp. Parameter. This

constraint on the symmetry energy coincides qualitatively

with the previous predictions, using the TüQMD [50] and

UrQMD [51] models. Consequently, it can be concluded

from this result that the HMT-exp. parameter should not be

excluded at present. Finally, similar to the ratio p�=pþ of

charged pions, the ratio of the neutron elliptic flow over the

proton elliptic flow vn2=v
p
2 is also effective in probing the

symmetry energy in HICs. Therefore, we show this ratio in

the same reaction in Fig. 9. It can be observed that, by

setting the symmetry energy in a range with parameter x no

more than approximately 1, the ratio vn2=v
p
2 in the FOPI-

LAND experiment can be well reproduced by theoretical

simulations of the 197Au ? 197Au collisions in all scenarios,

with or without the consideration of SRCs. Moreover, even

for all x parameters used here, the theoretical simulations

of the 197Au ? 197Au collisions using the HMT-exp.

(a) (b)

Fig. 8 (Color online) Elliptic flows of a neutrons and b protons,

compared with those from the FOPI-LAND experiment in semicentral
197Au ? 197Au collisions, with an impact parameter b ¼ 7:2fm at 400

MeV/nucleon, with and without the consideration of SRCs

Fig. 9 (Color online) Ratios of neutron elliptic flows over proton

elliptic flows, compared with those from the FOPI-LAND experiment

in semicentral 197Au ? 197Au collisions, with an impact parameter

b ¼ 7:2 fm at 400 MeV/nucleon, with and without the consideration

of SRCs
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parameter can well reproduce this ratio of the FOPI-LAND

experiment. Similarly, this implies that we should not

exclude the HMT-exp. parameter at present. However,

considering that the elliptic flows of the protons in these

cases do not fit the FOPI-LAND experimental data, we

naturally cannot put stringent constraints on the high-den-

sity symmetry energy, according to the results from the

elliptic flow signals in this study.

Thus far, from the elliptic flow signals and the pion

signals obtained above, we can conclude two points: First,

the parameterized isospin-dependent single NMD given in

Eq. (1) is reliable for the IANM and both the HMT-SCGF

parameter and the HMT-exp. parameter cannot be exclu-

ded, according to the available experimental information at

present; second, according to the pion signals of the the-

oretical simulations using the HMT-SCGF parameter and

their comparisons with the FOPI experimental data, we can

make a mildly soft conclusion for the nuclear symmetry

energy at high densities. However, our theoretical simula-

tions of the 197Au ? 197Au collisions, using both HMT-

SCGF and HMT-exp. Parameters, cannot fit the experi-

mental pion data and the experimental elliptic flow data

simultaneously; we, therefore, cannot put stringent con-

straints on the high-density symmetry energy.

4 Summary

Within an IBUU transport model, using nucleon

momentum profiles from an isospin-dependent single

NMD as the input, with an HMT induced by SRCs, we

have investigated the effects of the SRCs on the pion and

flow observables in 197Au ? 197Au collisions at 400 MeV/

nucleon. Compared to the case without the SRCs, the SRCs

cause a greater increment of pþ than p� in the 197Au ?
197Au collisions, leading to a significant reduction of the

p�=pþ ratio; however, for the flow observables, the SRCs

decrease the squeezed out elliptic flows of both neutrons

and protons, owing to the correlations, which enhance the

difficulties of the anisotropic emission of nucleons. More-

over, owing to the dominance of np SRC pairs in the HMT,

and thus, a corresponding reduction of the isospin asym-

metry of the reaction systems, both pion and flow observ-

ables show a reduced sensitivity to the nuclear symmetry

energy. However, by comparing the pion and flow

observables with the available data, we have also checked

the reliability of the used isospin-dependent single NMD

and the two corresponding sets of parameters. The theo-

retical simulation of the 197Au ? 197Au collisions, using the

HMT-exp. parameter, and the HMT-SCGF parameter can

reproduce the neutron elliptic flows of the FOPI-LAND

experiment and the p�=pþ ratios of the FOPI experiment,

respectively, under the symmetry energy setting in a par-

ticular range. Therefore, we can conclude that this

parameterized isospin-dependent single NMD is reliable

for the IANM and both the HMT-SCGF parameter and the

HMT-exp. parameter cannot be excluded, according to the

available experimental information at present. On the

contrary, because our theoretical simulations of the 197Au

? 197Au collisions cannot fit the experimental pion data

and the experimental elliptic flow data simultaneously, we

cannot put stringent constraints on the high-density sym-

metry energy. However, our study explicitly indicates that

the cross examinations of various observables using vari-

ous experimental data are the necessary solution for the

determination of nuclear symmetry energy. Furthermore,

the symmetry energy measurement experiment at RIBF-

RIKEN in Japan [10], using the SAMURAI-Time-Project-

Chamber [52] advance the determination of nuclear sym-

metry energy at high densities.
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