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The AMPT model is used to study elliptic flow vy in Au+Au colli-
sions at /syn = 200 GeV, focusing on partonic and hadronic transport
processes. By varying the partonic elastic scattering cross section o, and
scaling hadronic cross sections oy, we find that v, is dominated by partonic
interactions with larger o, accelerating momentum-space anisotropy con-
version and suppressing residual spatial anisotropy. Hadronic rescattering
minimally impacts v, only emerging at reduced o, and higher centrality.
The results highlight the critical role of partonic transport in collective flow
and the limited influence of hadronic dynamics on final observables.
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1. Introduction

In relativistic heavy-ion collisions, the collective behavior of produced
matter provides critical insights into the properties of the deconfined quark—
gluon plasma (QGP) and its transition to hadronic matter under extreme
conditions [1-7]. Among the key observables, elliptic flow vy, which quanti-
fies the azimuthal anisotropy of particle emission, serves as a sensitive probe
of the early-stage pressure gradients and transport dynamics of the system
[8-11]. The magnitude of vy reflects the interplay between the initial ge-
ometric anisotropy of the collision and the subsequent thermalization and
viscous effects during the evolution of the system [12, 13]. Understanding
the relative contributions of partonic and hadronic transport processes to
vg is therefore essential for disentangling the roles of QGP formation and
hadronic rescattering in shaping final-state observables.

The AMPT (A Multi-Phase Transport) model highlights the microscopic
mechanisms driving momentum-space anisotropy, while hydrodynamic sim-
ulations emphasize the near-perfect fluidity of the QGP [8, 11, 14-16]. Previ-
ous studies have established that partonic scattering plays a dominant role in
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generating v [17-21]. However, the extent to which hadronic rescattering
modifies residual anisotropy or redistributes momentum remains debated.
Existing works often focus on either partonic or hadronic dynamics, leaving
their combined effects underexplored. For instance, while a larger partonic
elastic scattering cross section is known to enhance vy by accelerating the
conversion of spatial anisotropy into momentum anisotropy, the influence of
hadronic scattering cross section on final-state observables remains ambigu-
ous due to the complexity of cross sections across numerous hadronic chan-
nels. Addressing these gaps is critical for refining interpretations of experi-
mental data and constraining transport coefficients such as shear viscosity.
In this work, we investigate the differential impacts of partonic and hadronic
transport processes on v2 in Au+Au collisions at \/syny = 200 GeV using
the AMPT model. Section 2 outlines the transport processes and parame-
ter configurations of partons and hadrons in the AMPT model. Section 3
presents the results on vy compared to experimental data. Conclusions are
summarized in Section 4.

2. Transport processes of partons and hadrons in AMPT

The AMPT model is a hybrid model for generating heavy-ion collision
events, which includes the initial conditions, partonic interactions, hadroniza-
tion, and hadronic interactions [8]. The transport processes of partons and
hadrons based on non-equilibrium dynamics are described by the ZPC and
ART cascade models, respectively. The partonic cascade includes only two-
body scatterings and treats partonic interactions at a distance /o, /m used
for solving the Boltzmann equations. The partonic elastic scattering cross
927?23 which can be adjusted by changing the strong coupling
constant «g and the screening mass u, and can be used in studying the
influence of partonic transport processes in the model.

The hadronic cascade includes hadron elastic and inelastic scatterings
which exhibit varying hadronic scattering cross sections oy across different
hadronic scattering channels. Many of the hadronic cross sections used in
the model have not been thoroughly studied theoretically and have not been
adequately constrained by experimental data. Similar to partonic scattering,
the occurrence of hadronic scattering collisions is conditioned by their sep-
aration distance being smaller than the maximum collision distance, which
scales with the square root of op. However, unlike o, that can be directly
adjusted within the model, the hadronic cascade contains numerous scatter-
ing channels with distinct cross sections, making it impossible to globally
regulate oy by modifying individual channel cross sections. To study the
influence of hadronic transport processes, a proportional adjustment of all
hadronic cross sections can be equivalently realized by uniformly increasing

section is o), ~
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the maximum collision distance across all scattering channels [22]. Notably,
scaling factors of 2 times in the maximum collision distance equate to 4
times amplification in op.

The tuning of partonic and hadronic cross sections enables the investiga-
tion of transport dynamics within the model. Both o, and oy are the most
critical parameters in transport processes, not only determining the shear
viscosity properties of partonic and hadronic matter, respectively, but also
directly affecting the results of final-state observables [19-21, 23-25|. For
a fixed scattering cross section, the specific shear viscosity exhibits a rapid
increase with decreasing temperature [23|. The transport process overesti-
mates the shear viscosity of partonic and hadronic matter, especially near
the phase transition temperature. The shear viscosity significantly exceeds
the value estimated by viscous relativistic hydrodynamic simulations close
to the KSS bound in relativistic heavy-ion collisions [26-28]. Considering
the inverse relationship between scattering cross section and shear viscosity,
using transport simulations with larger o, and oy can reflect the impact
of smaller shear viscosity on final observables. To see the effect of partonic
and hadronic interactions, heavy-ion collision events in the AMPT model
are generated with o, = 3, 6, 9 mb and the hadronic cross sections that are
4 times the default oy of all hadrons for comparison. The parameters of
the Lund string fragmentation aj, = 0.55 and by, = 0.2 GeV 2, oy = 0.33
are chosen for Au+Au collisions at /syy = 200 GeV in the model, which
correspond to the default settings in the string melting version (v2.26t5) of
the AMPT model. A smaller by, enhances the effective string tension, lead-
ing to a larger mean transverse momentum for the initial quarks after string
melting and, consequently, better agreement with experimental findings.

Figures 1 and 2 show the charged hadron pseudorapidity spectra and
transverse momentum spectra, respectively, with various o, and oy for
Au+Au collisions at /syy = 200 GeV compared to the BRAHMS and
STAR data at various centralities. Both, dN/dn pseudorapidity distribu-
tion and pr spectra of charged hadron are well reproduced at all centralities
in the model. It can be seen that increasing o, significantly reduces the
particle yield at mid-pseudorapidity, while oy exhibits a weaker influence
on the pseudorapidity spectrum compared to o,, with its significance be-
coming pronounced only when o), is small. The effect of varying scattering
cross sections on dN/dn pseudorapidity distribution is linked to the viscous
properties of the system. Reduced cross sections increase shear viscosity,
which suppresses longitudinal expansion and elevates mid-pseudorapidity
particle yields. The weaker impact of o compared to o, arises because
the early rapid expansion of the system relies on partonic scattering, while
hadronic rescattering provides weaker driving force for further expansion of
a hadronized and rapidly expanding system. It should be noted that in the
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Fig.1. The charged hadron pseudorapidity spectra for Au+Au collisions at
VSnN = 200 GeV with various o, and o in different centrality classes compared
to experimental data from the BRAHMS Collaboration [29].
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Fig.2. The transverse momentum spectra of mid-pseudorapidity charged hadrons
with various o, and oy in different centrality classes compared to experimental
data from the STAR Collaboration [30]. Curves from top to bottom correspond to
10-20%, 20-30%, 30-40%, and 40-50% centralities, respectively.

model, parton scattering includes only two-body elastic scattering, whereas
hadron scattering encompasses both elastic and inelastic processes. An en-
larged elastic scattering cross section promotes longitudinal expansion of
the system, which suppresses the particle yield at mid-pseudorapidity, while
the accompanying inelastic scattering channels generate additional hadrons.
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A small 0, leads to a shorter evolution duration for the partonic phase,
thereby amplifying the role of hadronic scattering in driving system expan-
sion. This results in a reduction of the mid-pseudorapidity particle yield,
chiefly caused by the strengthened longitudinal expansion. With increas-
ing o0,, the prolonged evolution time of the partonic system reduces the
influence of hadronic scattering on expansion, causing the increased hadron
production from hadronic inelastic scattering to gradually dominate. As re-
flected in Fig. 1, a noticeable suppression of the mid-pseudorapidity particle
yield by an increased oy occurs only for small o,. For larger o, the mid-
pseudorapidity does not decrease significantly and instead exhibits a slight
rising tendency.

The transverse spectra are minimally affected by partonic and hadronic
scattering, where partonic scattering exerts a slight influence on low pr while
hadronic scattering shows a comparably limited effect on high pr. The av-
erage transverse momentum of both partons after string melting and the
final hadrons are mainly influenced by the Lund string fragmentation pa-
rameters in the model, whereas the slope of transverse momentum spectra
arises from both radial flow and thermalized temperature, exhibiting limited
sensitivity to partonic and hadronic scattering interactions. o, negligibly
affects pr spectra, because the small current quark masses in the model
weaken parton coupling to radial flow effects. Nevertheless, at low trans-
verse momentum (pr < 0.4 GeV/c), the abundance of low-pr hadrons is
found to decrease with rising o, aligning with the trend observed for mid-
pseudorapidity particle production in Fig. 1. Diminished viscosity drives
particles to predominantly undergo longitudinal expansion, depleting parti-
cle populations at mid-pseudorapidity, particularly those with low pr. While
this effect appears subdued in logarithmic scaling, it manifests as a signif-
icant modification to the overall particle production yield. By prolonging
hadronic evolution and reducing freeze-out temperature, hadronic rescat-
tering enhances hadron yields at high pp, while suppressing production at
low pr, and elevated og induces a marginal reduction in the inverse slope
of the spectra.

3. Elliptic flow under different scattering cross sections

Anisotropic flow, which can be characterized by flow harmonics of the
particle azimuthal angle distribution, originates from pressure gradients in-
duced by the initial geometry of the collision. It is sensitive to the transport
properties and processes of the system, where the second harmonic coef-
ficient, elliptic flow wo, represents a key measurabIQe q2uantity. The time
PE—D;

evolutions of partonic system elliptic flow vy = <p2 +p2> and eccentricity
TPy
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€9 = <z§;£§) in the model are shown in Fig. 3. As the system evolves tem-
porally, the diminishing €2 and rising vy signify the transfer of anisotropy
from the coordinate space to momentum space through partonic transport
dynamics. Partonic scattering strongly drives and significantly enhances
this conversion, with a larger o, leading to faster reductions in e and more
rapid rises in vo. The elliptic flow in the partonic system, influenced by o, is
manifested not only during the evolution of hadronic system but also exerts

a direct impact on the final-state vo.
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Fig.3. The time evolutions of partonic system elliptic flow vy and eccentricity o
with various o0, in different centrality classes.

Figure 4 shows the time evolution of hadronic system vy with various o,
and oy in different centrality classes. The elliptic flow of the hadronic sys-
tem progressively approaches saturation with temporal evolution. Increased
op not only delays the saturation but also amplifies the saturated vg, with
the variation of saturated flow value exhibiting consistency in trend with
the dynamical evolution of the partonic system. Notably, during the initial
system prior to flow saturation, a reduced o, accelerates the temporal evo-
lution of vy and enhances its magnitude. This occurs because a smaller o,
shortens the partonic phase evolution, leading to an earlier hadronization
time. Consequently, hadrons are produced earlier, causing a rapid increase
in the flow value during the early stages of the hadronic system. While o,
exhibits a dominant effect on the ve evolution in the hadronic system, the
role of oy remains marginal, with observable effects emerging solely when
op is reduced and collision centrality is elevated.
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Fig.4. The time evolution of hadronic system vy with various o, and op.

Figures 5 and 6 show the charged hadron elliptic flow, which is calcu-

lated with the two-particle cumulant method as vy = y/(cos 2(¢1 — ¢2)), as
a function of the transverse momentum and the pseudorapidity, respectively.
The final-state hadron v9 exhibits consistency with the flow value evolution
in both partonic and hadronic systems. Compared to the pronounced im-
pact of o, on vy, the influence of o7 on flow values remains weaker, showing
significant effects only when o), is small and centrality is high. The ob-
served dependence of oy on v9, linked to o, and centrality, arises from the
anisotropic evolution of the system in the model. Enhanced o, during the
rapid expansion of the partonic system amplifies pressure gradient dissipa-
tion, thereby reducing coordinate-space anisotropy retained in the hadronic
system after hadronization. This diminished residual anisotropy restricts the
capacity of hadronic rescattering to generate momentum-space anisotropy.
Elevated collision centrality enhances both the initial spatial anisotropy and
the rapidity of partonic system evolution, resulting in amplified residual
spatial anisotropy within the hadronic system that is accessible for conver-
sion via hadronic rescattering. It should be noted that in Fig. 5, except for
cases with small o, and high eccentricity where an increase in oy enhances
vg, varying oy in other results not only shows no significant effect on flow
values but also leads to unstable and inconsistent magnitude relationships
of vy across different transverse momentum ranges. This occurs because
a larger o, during partonic system evolution converts most of the initially
small spatial anisotropy in low eccentricity collisions into momentum-space
anisotropy. Although hadronic rescattering can continue to drive system




12-A3.8 Y. ZHANG
03f + PHENIX Data (a) 10-20% (b) 20-30%
— 3mb, g, --- 3mb, 4 %0,
— 6mb, 0, --- 6mb, 4 x g,
02t — 9mb, 0y --- 9mb, 4 x g,
o
0.1
0
0.3
0.2
X

0.1

Fig. 5. vs of mid-pseudorapidity charged hadrons varies with the transverse momen-
tum with various o, and oy in different centrality classes compared to experimental

1 15
P, [GeV/c]

data from the PHENIX Collaboration [31].

1 15
p, [GeV/c]

— 3mb, 0,
— 6mb, 0,
— 9mb, g,

0.1

(a) 10-20% | === 3mb, 4 xa,
--- 6mb, 4 x o,
--- 9mb , 4 x g,

(b) 20-30%

0.1

(c) 30-40%

Fig.6. vy of charged hadrons varies with pseudorapidity with various o, and op

in different centrality classes.



Impact of Partonic and Hadronic Transport Processes . .. 12-A3.9

expansion, it does not significantly affect momentum space. Moreover, an
increased oy enhances inelastic hadronic scattering, the influence of which
on momentum space may be the primary cause of flow instabilities. The
elliptic flow wversus transverse momentum is plotted over a relatively wide
mid-pseudorapidity interval (=1 < n < 1) in Fig. 5, whose extensive verti-
cal scale obscures the systematic influence of hadronic rescattering on flow
amplitudes. To facilitate clearer observation, Fig. 6 displays the pseudora-
pidity dependence of vy with a constrained vertical range. This magnified
scale confirms that enhanced oy indeed amplifies vo at mid-pseudorapidity
specifically in collisions characterized by small o}, and large centrality.
While hadronic rescattering predominantly modifies momentum-space
anisotropy in highly eccentric collisions compared to partonic interactions,
it systematically regulates the expansion dynamics and spatial dimensions
of the hadronic system over the full centrality spectrum. HBT interferom-
etry presents a viable technique for quantitatively distinguishing the evo-
lutionary imprints of partonic wversus hadronic scattering processes. The
size parameters R,, Rs, and R; called HBT radii can be obtained by fitting
the HBT correlation function, which is calculated by the Correlation After
Burner program without the final-state interactions, with the Bertsch—Pratt
parametrization in the ‘out—side-long’ coordinate system [33, 34]. Figure 7
shows the charged pion HBT radii R,, Rs, R}, and the ratio R,/ Ry as a func-
tion of average transverse momentum in 0-10% centrality with different o),
and oy compared to the PHENIX data. The HBT radii are affected by
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Fig. 7. HBT radii R,, Rs, Ry, and the ratio R,/R; of charged pions vary with av-
erage transverse momentum with various o, and og in 0-10% centrality compared
to experimental data from the PHENIX Collaboration [32].
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both 0, and oy, notably impacting Rs and R;. Enhanced cross sections
result in radial expansion, with partonic scatterings primarily altering radii
at low pr, while hadronic scatterings amplify radii across the transverse mo-
mentum range. The efficacy of hadronic rescattering is constrained both in
transforming residual anisotropy inherited from the partonic system and in
reaccelerating the expansion velocity after the initial rapid expansion of the
partonic system, thereby making it difficult to exert significant influence on
v9 and R,. The marked enhancement of Ry and R; is attributable to the
extended temporal evolution of the hadronic system, driven by an increase
in op.

4. Summary

This study investigates the impact of partonic and hadronic transport
processes on elliptic flow within the AMPT model for Au+Au collisions at
VSNN = 200 GeV. By adjusting the partonic elastic scattering cross sec-
tion o, and scaling the hadronic cross sections oy, the interplay between
transport dynamics, shear viscosity, and anisotropic flow evolution is system-
atically analyzed. Enhancing the cross sections of either partons or hadrons
produces a unified trend of effects on the final-state particle spectra, elliptic
flow, and HBT radii, a phenomenon attributed to the decrease in shear vis-
cosity driven by cross section amplification. The partonic phase, governed
by the ZPC cascade, demonstrates a dominant role in driving ve through
rapid momentum-space anisotropy conversion, with larger o, accelerating
the growth of vy and suppressing residual spatial anisotropy. In contrast,
hadronic rescattering, modeled via the ART cascade, exhibits limited influ-
ence on v, only becoming noticeable at reduced o, and higher centrality
due to diminished residual anisotropy inherited from the partonic system.
Comparisons with experimental data reveal that the pseudorapidity and
transverse momentum spectra are primarily shaped by initial conditions and
fragmentation parameters, while vy shows strong sensitivity to o,. The HBT
radii further highlight the differential effects: partonic interactions modify
radii at low pr, whereas hadronic rescattering extends their evolution across
pr, albeit with minimal impact on vo. These results underscore the critical
role of early partonic transport in governing collective flow, while empha-
sizing the constrained efficacy of hadronic interactions in altering final-state
observables.

This work was supported by the Jiangxi Provincial Key Laboratory of
Particle Technology (No. 20242BCC32119) and by the Supercomputing Plat-
form at Jiangxi University of Science and Technology.
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