
PHYSICAL REVIEW C 109, 024906 (2024)

Characterizing the initial- and final-state effects in isobaric collisions at energies
available at the BNL Relativistic Heavy Ion Collider
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A multiphase transport model (AMPT) is employed to predict symmetric correlations (SC), asymmetric
correlations (ASC), normalized symmetric correlations (NSC), and normalized asymmetric correlations (NASC)
in 96Ru + 96Ru and 96Zr + 96Zr collisions at 200 GeV. This study offers insights into the behavior of SC, ASC,
NSC, and NASC, considering various nuclear structure scenarios to account for differences between the two
isobars. Additionally, I emphasize the importance of detailed experimental measurements as they will serve as a
critical constraint for refining the predictions of theoretical models.
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I. INTRODUCTION

The strongly coupled quark gluon plasma (QGP) is ex-
pected to be created in the nuclear collisions at the BNL
Relativistic Heavy Ion Collider (RHIC) and the CERN Large
Hadron Collider (LHC). A comprehensive description and un-
derstanding of the QGP transport properties (i.e., the specific
viscosity η/s) is essential to the ongoing high-energy nuclear
research. Nevertheless, such a description demands a detailed
understanding of the heavy ion collisions (HIC) initial state
[1–16]. Many studies have highlighted the importance of
anisotropic flow measurements to serve as a valuable input for
examining both the initial conditions and transport properties
of the QGP [17–25].

Indeed, considerable research efforts have provided a rich
collection of knowledge about the HIC initial conditions and
the QGP properties. This valuable knowledge has been ob-
tained by conducting extensive investigations into the nth
order flow harmonics. Note that, the nth complex flow vector
with �n direction and vn magnitude is given as [26,27]

V n = vnein�n , (1)

where v1, v2, and v3 are the dipolar, elliptic, and triangular
flow harmonics, respectively. The Vn gives the hydrodynamic
response of the created medium to the nth-order initial-state
eccentricity εn [28,29]. These studies have explored the flow
harmonics magnitudes, statistical variations, fluctuations, and
the correlations among them [10,16,24,29–52]. In HIC, the
structure of the colliding nuclei can impact the nth order flow
harmonics vn, which reflect the initial state eccentricities εn

dependence on the colliding nuclei structure [53–56]. Such
structure can be described with the woods-Saxon distribution
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for the nuclear density as

ρ(r, θ, φ) ∝ 1

1 + e(r−R(θ,φ))/a0
, (2)

R(θ, φ) = R0
(
1 + β2Y

0
2 (θ, φ) + β3Y

0
3 (θ, φ)

)
, (3)

where R(θ, φ) is the nuclear surface incorporating the
quadrupole and octupole deformations controlled by β2 and
β3, respectively, the parameters R0 and a0 describe the half-
width radius and nuclear skin thickness [57,58].

Recent theoretical and experimental studies have suggested
that investigating the ratios of the nth-order flow harmonics

(i.e., vRu+Ru
n

vZr+Zr
n

) will provide essential insights on the structure
of the colliding nuclei [56,59–76]. In the case of Ru + Ru
and Zr + Zr collisions, the hope was to impose constraints on
the differences in the nuclear deformation and nuclear skin
between them. Building these ratios stems from the expec-
tation that the viscosity attenuation effects in these isobaric
collisions should be similar [47]. In contrast, slight variations
in their deformation and nuclear skin can lead to differences
in the initial-state eccentricities [53,54], causing apparent dis-
parities in the magnitudes of v2 and v3 between Ru + Ru and
Zr + Zr . Many of these investigations focused on the isobaric
ratios only. This work highlights the value of the observables
sensitive to initial and final state effects.

Reaching a comprehensive understanding of the QGP re-
quires a simultaneous constraint on estimating the initial
state eccentricities and their fluctuations and correlations as
well as the final state viscous attenuation (η/s) [77,78]. In
a prior investigation [16], I showed that such constraints
can be achieved via data model comparisons of symmetric
correlations (SC), asymmetric correlations (ASC) [79–84],
normalized symmetric correlations (NSC), and normalized
asymmetric correlations (NASC) [82,85–87]. Consequently,
in this work, I will extend the previous study of SC, ASC,
NSC, and NASC [79–82,85,86] to the Ru + Ru and Zr + Zr
at RHIC top energy. In addition, I systematically investigate

2469-9985/2024/109(2)/024906(10) 024906-1 ©2024 American Physical Society

https://orcid.org/0000-0002-0994-9437
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.109.024906&domain=pdf&date_stamp=2024-02-07
https://doi.org/10.1103/PhysRevC.109.024906


NISEEM MAGDY PHYSICAL REVIEW C 109, 024906 (2024)

TABLE I. Summary of the Woods-Saxon parameters for 96Ru
and 96Zr employed in the AMPT studies.

AMPT-set R0 a0 β2 β3

96Ru+96Ru (Case-1) 5.09 0.46 0.162 0.00
96Zr+96Zr (Case-2) 5.02 0.52 0.06 0.20
96Zr+96Zr (Case-3) 5.09 0.46 0.06 0.20
96Zr+96Zr (Case-4) 5.09 0.46 0.06 0.00

the influence of the initial state deformation and nuclear skin
using a multiphase transport (AMPT) model [88] on the SC,
ASC, NSC, and NASC.

The motivation behind these investigations is to provide a
systematic study of a comprehensive set of flow correlators
that have the potential to constrain the HIC’s initial and final
effects simultaneously. In this work, I limit the presentation
of the results to the system-size comparisons to provide the
AMPT predictions of those flow observables. The paper is
organized as follows. Section II summarizes the theoretical
model used to investigate the SC, ASC, NSC, and NASC and
the details of the analysis method employed. The results are
presented in Sec. III followed by a summary and outlook in
Sec. IV.

II. METHODOLOGY

A. The AMPT model

The current investigation employs the AMPT model to
study the SC, ASC, NSC, and NASC in 96Ru + 96Ru and
96Zr + 96Zr collisions at

√
sNN = 200 GeV. The AMPT model

[88] is a comprehensive simulation framework widely utilized
to delve into the complexities of relativistic heavy-ion colli-
sions [88–95]. In this investigation, I generated AMPT events
incorporating the string-melting option. Within the AMPT
framework, the Glauber model defines the shape and radial
distribution of the colliding nuclei, employing a deformed
Woods-Saxon distribution [96] as given in Eq. (2). In AMPT
simulations, the projectile and target nuclei are rotated event-
by-event randomly along the polar and azimuthal directions.
These analyses consider the intrinsic deformations and nu-
clear skin differences between 96Ru and 96Zr. Therefore, the
Woods-Saxon parameter sets for 96Ru and 96Zr employed in
this analysis are summarized in Table I [97].

Within the AMPT framework, the HIJING model generates
hadrons, which are then transformed into their constituent
quarks and antiquarks. The subsequent space-time evolution
of these particles is determined using Zhang’s parton cascade
(ZPC) model [98], which incorporates the parton-scattering
cross section:

σpp = 9πα2
s

2μ2
, (4)

where αs denotes the quantum chromodynamics (QCD) cou-
pling constant and μ is the screening mass in the partonic
matter; these parameters collectively shape the expansion
dynamics of the collision systems [98]. Collisions were
simulated for a fixed σpp = 2.8 [99,100]. Thus, the AMPT

model amalgamates several contributing factors: (i) the initial-
state eccentricity, (ii) the initial parton-production stage
governed by the HIJING model [101,102], (iii) a parton-
scattering stage, (iv) the process of hadronization through
coalescence, and finally, (v) a phase that encompasses inter-
actions among the generated hadrons [103].

B. Analyses method

The multiparticle correlation technique with traditional and
two-subevents cumulants methods [104–107] are used in this
work. This study used the two subevents with a pseudorapidity
gap �η = ηa − ηb > 0.7 (i.e., ηa > 0.35 and ηa < −0.35)
for the two-, three-, and four-particle correlations. However, I
used the traditional cumulant method to calculate the five- and
six-particle correlations. More details on the methods used can
be found in Ref [16].

1. The k-particle symmetric correlations

The two-, four-, and six-particle symmetric correla-
tions can be given using the multiparticle correlation
techniques

SC(n1,−n1)|2-Sub = 〈〈
cos

(
n1φ

a
x1 − n1φ

b
x2

〉〉
, (5)

= 〈〈
v2

n1
cos

(
n1ψn1 − n1ψn1

)〉〉
,

= 〈〈
v2

n1

〉〉
,

where ni is the harmonic order, φa
x1 is the azimuthal angle

of the particle x1 in the subevent a, and the 〈〈〉〉 defines
the averaging first over particles in an event and then over
events:

SC(n1, n2,−n1,−n2)2-Sub

= 〈〈
cos

(
n1φ

a
x1 + n2φ

a
x2 − n1φ

b
x3 − n2φ

b
x4

〉〉
,

= 〈〈
v2

n1
v2

n2
cos

(
n1ψn1 + n2ψn2 − n1ψn1 − n2ψn2

)〉〉
,

= 〈〈
v2

n1
v2

n2

〉〉
, (6)

SC(n1, n2, n3,−n1,−n2,−n3)Trad

= 〈〈cos(n1φx1 + n2φx2 + n3φx3−n1φx4 − n2φx5−n3φx6〉〉
= 〈〈

v2
n1

v2
n2

v2
n3

cos
(
n1ψn1 + n2ψn2 + n3ψn3 − n1ψn1

− n2ψn2 − n3ψn3

)〉〉
,

= 〈〈
v2

n1
v2

n2
v3

n3

〉〉
. (7)

2. The k-particle asymmetric correlations

The three-, four-, and five-particle asymmetric corre-
lations can be given using the multiparticle correlation
methods:

ASC(n1, n2, n3)2-Sub

= 〈〈
cos

(
n1φ

a
x1 + n2φ

a
x2 + n3φ

b
x3

〉〉
,

= 〈〈
vn1vn2vn3 cos

(
n1ψn1 + n2ψn2 + n3ψn3

)〉〉
, (8)
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ASC(n1, n2, n3, n4)2-Sub

= 〈〈
cos

(
n1φ

a
x1 + n2φ

a
x2 + n3φ

b
x3 + n4φ

b
x4

〉〉
,

= 〈〈
vn1vn2vn3vn4 cos

(
n1ψn1 + n2ψn2 + n3ψn3 + n4ψn4

)〉〉
,

(9)

ASC(n1, n2, n3, n4, n5)Trad

= 〈〈cos(n1φx1 + n2φx2 + n3φx3 + n4φx4 + n5φx5〉〉,
= 〈〈

vn1vn2vn3vn4vn5 cos
(
n1ψn1 + n2ψn2 + n3ψn3 + n4ψn4

+ n5ψn5

)〉〉
. (10)

3. The k-particle normalized symmetric correlations

The multiparticle correlations Eqs. (5) and (6) can be used
to give the same and mix order flow harmonics NSC as [31,35]

γn1,n1,−n1,−n1 = 2 − SC(n1, n1,−n1,−n1)2-Sub

SC(n1,−n1)2-SubSC(n1,−n1)2-Sub
,

(11)

βn1,n2,−n1,−n2 = SC(n1, n2,−n1,−n2)2-Sub

SC(n1,−n1)2-SubSC(n2,−n2)2-Sub
− 1.

(12)

Note that Eq. (11) can also be written as −Cn{4}/Cn{2}, where
Cn{2} and Cn{4} are the second- and fourth-order cumulant of
the vn distribution [104,105,108–110].

The ratio γn,n,−n,−n is a metric for the nth harmonic
flow fluctuations. In the absence of event-by-event fluctua-
tions, γn,n,−n,−n = 1 for the Bessel-Gaussian distribution of
the v2, while 0 < γn,n,−n,−n < 1 quantifies the strength of
the flow fluctuations [111]. For n = 3, γn,n,−n,−n = 0 the v3

has a Gaussian distribution, while γn,n,−n,−n �= 0 quantifies
the deviation from Gaussianity. The ratio βn,m,−n,−m esti-
mates the mixed harmonics flow correlations: (i) βn,m,−n,−m =
0.0 represents the absence of the flow correlations, (ii)
βn,m,−n,−m > 0.0 denotes the mode-coupling strength between
the n and m flow harmonics, and (iii) βn,m,−n,−m < 0.0
gives the strength of anticorrelation between the n and m
harmonics.

4. The k-particle normalized asymmetric correlations

The multiparticle correlations Eqs. (5)–(7) can define the normalized asymmetric correlations, which gives the flow angle
(ψn) correlations as [35,87,112]

ρn1,n2,n3 = ASC(n1, n2, n3)2-Sub√|SC(n1, n2,−n1,−n2)2-SubSC(n3,−n3)2-Sub|
∼ 〈

cos
(
n1ψn1 + n2ψn1 + n3ψn3

)〉
. (13)

ρn1,n2,n3,n4 = ASC(n1, n2, n3, n4)2-Sub√|SC(n1, n2, n3,−n1,−n2,−n3)TradSC(n4,−n4)2-Sub|
∼ 〈

cos
(
n1ψn1 + n2ψn1 + n3ψn3 + n4ψn4

)〉
. (14)

ρn1,n2,n3,n4,n5 = ASC(n1, n2, n3, n4, n5)Trad√|SC(n1, n2, n3,−n1,−n2,−n3)TradSC(n4, n5,−n4,−n5)2-Sub|
∼ 〈

cos
(
n1ψn1 + n2ψn1 + n3ψn3 + n4ψn4 + n5ψn5

)〉
. (15)

The definitions given in Eqs. (13), (14), and (15) are in line
with the definition used by the ALICE and STAR experiments
[87,112].

III. RESULTS AND DISCUSSION

This section will discuss the prediction of the k-particle
symmetric (asymmetric) correlations and the flow harmonics
magnitude and angular correlations in the isobaric collisions
for different initial state configurations given in Table I. Here,
it is important to note that the nonflow effects on the presented
results have been investigated in my previous study Ref. [16].

A. Symmetric correlations

Figures 1–3 show the centrality and system size dependen-
cies of the two-, four-, and six-particle symmetric correlations.
The comparisons of the same flow harmonic two-, four-,
and six-particle correlations are expected to reflect the initial
state density fluctuations and the final state hydrodynamic

evolution fluctuations [42]. The same harmonic correlations
(n > 1) from the AMPT model at the same σpp present
characteristic patterns from central to peripheral collisions
(i.e., increasing from central to midcentral collisions, then
decreasing as the collisions become more peripheral). Such
characteristic patterns display the interplay between initial-
state eccentricities and final-state viscous attenuation [113].
Note that the n = 1 correlations will be impacted by the global
momentum conservation (GMC) effect [47,114], which have
been recently studied in the isobaric collisions [56].

The four- and six-particle mixed harmonics correlations as
a function of centrality for Ru + Ru and Zr + Zr at

√
sNN =

200 GeV from the AMPT model with various parameters
given in Table I are presented in Figs. 4–7. These mixed
harmonics flow correlations are expected to give the flow
harmonics magnitude correlations induced by initial and final
state effects, which will be provided employing the ratios
defined in Eq. (12). The correlations presented in Figs. 4–7 are
sensitive to the interplay between final and initial state effects
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FIG. 1. Comparisons of the centrality dependence of the two-
particle flow harmonics v2

n = SC(n,−n) using the two-subevents
method for Ru + Ru and Zr + Zr at

√
sNN = 200 GeV from the

AMPT model with various parameters given in Table I.

[16]. The mixed harmonics correlations with n = 1, Fig. 4, are
expected to be impacted by the GMC effect.

FIG. 2. Same as in Fig. 1 but for the four-particle
SC(1, 1, −1, −1) (a), SC(2, 2, −2, −2) (b), and SC(3, 3, −3, −3)
(c) using the two-subevents method.

FIG. 3. Same as in Fig. 1 but for the six-particle
SC(1, 1, 1, −1, −1, −2) (a), SC(2, 2, 2, −2, −2, −2) (b), and
SC(3, 3, 3, −3, −3, −3) (c), using the one-subevent method.

B. Asymmetric correlations

Using the symmetric and asymmetric correlations, I can
get the flow angular correlations induced by the initial state
and given by Eqs. (13)–(15). Therefore, it is constructive
first to discuss the centrality and system size dependence of
asymmetric correlations.

The three-, four-, and five-particle asymmetric correlations
for Ru + Ru and Zr + Zr at

√
sNN = 200 GeV from the

AMPT model are shown in Figs. 8–11. The presented AMPT
calculations of the ASC Figs. 8–11 show that the strength of
the correlation gets stronger as the collisions become more
peripheral. In contrast, the ASC(2, 2, 2,−3,−3) values in
Fig. 11(b) are consistent with zero, reflecting the weak cor-
relation nature between ψ2 and ψ3.

C. Normalized symmetric correlations

In the previous studies [16,25], I pointed out that the flow
harmonics magnitude fluctuations and correlations have a
weak sensitivity to the final state effects. Therefore, they can
constrain the HIC initial conditions [42,112]. The flow har-
monics magnitude fluctuations and correlations can be given

FIG. 4. Same as in Fig. 1 but for the four-particle
SC(1, 2, −1, −2) (a) and SC(1, 3, −1, −3) (b), using the
two-subevent method.
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FIG. 5. Same as in Fig. 1 but for the four-particle
SC(2, 3, −2, −3) (a), SC(2, 4, −2, −4) (b), SC(2, 4, −2, −4)
(c), and SC(3, 4, −3, −4) (d), using the two-subevent method.

γn,n,−n,−n Eq. (11) and βn,m,−n,−m Eq. (12), respectively. For
NSC, I will present the AMPT model calculations for Case-1
and Case-2 parameters see Table I.

The normalized symmetric correlations for the same flow
harmonic, γ1,1,−1,−1, γ2,2,−2,−2 and γ3,3,−3,−3 are presented
in Fig. 12 for Ru + Ru and Zr + Zr at

√
sNN = 200 GeV

from the AMPT model Case-1 and Case-2. In panel (a),
the γ1,1,−1,−1 indicates the rapidity-even dipolar flow fluctua-
tions in the AMPT model. The γ1,1,−1,−1 calculations assume
equivalent GMC effects on the n = 1 two- and four-particle
correlations. These calculations indicated an apparent differ-
ence in the fluctuation nature between the γ1,1,−1,−1 calculated
for initial and final states in the AMPT model. The elliptic
flow fluctuations are given in panel (b) by the γ2,2,−2,−2; it

FIG. 6. Same as in Fig. 1 but for the six-particle symmetric cor-
relations SC(2, 2, 3, −2, −2, −3) (a), SC(2, 2, 4, −2, −2, −4) (b),
SC(3, 3, 2, −3, −3, −2) (c), and SC(4, 4, 2, −4, −4, −2) (d), using
the one-subevent method.

FIG. 7. Same as in Fig. 1 but for the six-particle symmetric corre-
lations SC(2, 3, 4, −2, −3, −4) (a) and SC(2, 3, 5, −2, −3, −5) (b),
using the one-subevent method.

indicates the anticipated reduction in the fluctuations mag-
nitude from central to peripheral collisions. I observe an
agreement between γ2,2,−2,−2 calculated for initial and final
states in the AMPT model in central collisions. In contrast,
I observed less fluctuations in the initial state γ2,2,−2,−2. The
latter observation suggests that the AMPT final state effects
add more fluctuations to the elliptic flow. The ratio γ3,3,−3,−3

in panel (c) presents the triangular flow fluctuations. The
γ3,3,−3,−3 from the AMPT model is consistent with zero with
significant uncertainties for both systems, which is consistent
with the STAR measurements [115] and the prior AMPT
calculations [16] for Au+Au at 200 GeV.

Figure 13 show the mixed flow harmonics NSC β1,2,−1,−2

(a), β1,3,−1,−3 (b), β2,3,−2,−3 (c), and β2,4,−2,−4 (d) for Ru + Ru
and Zr + Zr at

√
sNN = 200 GeV from the AMPT model

Case-1 and Case-2. The correlations between the rapidity-
even dipolar flow v1 and the v2 and v3 magnitudes given
in panels (a) and (b) suppose equal GMC effects on the
n = 1 two- and four-particle correlations. The β1,2,−1,−2

and β1,3,−1,−3 initial and final state calculations indicated

FIG. 8. Comparisons of the centrality dependence of the three-
particle asymmetric correlations ASC(1, 1, −2) (a), ASC(1, 2, −3)
(b), and ASC(1, 3, −4) (c), using the two-subevents method for
Ru + Ru and Zr + Zr at

√
sNN = 200 GeV from the AMPT model

with various parameters given in Table I.
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FIG. 9. Same as in Fig. 8 but for the three-particle asym-
metric correlations ASC(2, 2, −4) (a), ASC(2, 3, −5) (b), and
ASC(2, 4, −5) (c), using two-subevents method.

anticorrelations between v1 and vn (n = 2,3). On the other
hand, the v2–vn (n = 3 and 4) correlations nature are given
by β2,3,−2,−3, β2,4,−2,−4 in panels (c) and (d). The initial and
final state calculations show anticorrelations between v2 and
v3, with larger strength for the initial state calculations. In
contrast, I observed positive correlations between v2 and v4

from initial and final state results, with much smaller strength
for the initial state calculations.

D. Normalized asymmetric correlations

An additional understanding of the HIC initial conditions
[112] can be gained by studying the flow angular correlations
via the normalized asymmetric correlations Eqs. (13)–(15).
The NASC ρX is expected to operate as a metric for the

FIG. 10. Same as in Fig. 8 but for the four-particle asymmet-
ric correlations ASC(3, 3, −2, −4) (a), ASC(2, 5, −3, −4) (b), and
ASC(2, 2, 2, −6) (c), using two-subevents method.

FIG. 11. Same as in Fig. 8 but for the five-particle asymmet-
ric correlations ASC(1, 1, 1, −1, −2) (a), ASC(2, 2, 2, −3, −3) (b),
ASC(2, 2, 2, −2, −4) (c), and ASC(2, 2, 3, −3, −4) (d), using one-
subevent method.

strength of the correlations between flow symmetry planes
(i.e., ψ1–ψ5) see Table II.

Figure 14 shows the centrality and the system size depen-
dence of the event planes’ angular correlations 〈cos(2ψ1 −
2ψ2)〉 (a), 〈cos(6ψ2 − 6ψ3)〉 (b), 〈cos(4ψ2 − 4ψ4)〉 (c), and
〈cos(6ψ2 − 6ψ6)〉 (d) for Ru + Ru and Zr + Zr at

√
sNN =

200 GeV from the AMPT model Case-1 and Case-2 pa-
rameters given in Table I. The ratios ρ1,1,−2 and ρ1,1,1,−1,−2

are in agreement and increase with centrality selections. The
observed agreement between ρ1,1,−2 and ρ1,1,1,−1,−2 suggest
that ρ1,1,−2 and ρ1,1,1,−1,−2 have a similar contribution from
the GMC effects. In addition, I found a good agreement in

FIG. 12. Comparisons of the centrality dependence of the same
harmonic normalized symmetric correlations γ1,1,−1,−1 (a), γ2,2,−2,−2

(b), and γ3,3,−3,−3 (c), for Ru + Ru and Zr + Zr at
√

sNN = 200
GeV from the AMPT model Case-1 and Case-2 parameters given in
Table I. The curves represent the initial state eccentricity fluctuations.
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FIG. 13. Same as in Fig. 12 but for the mixed harmonic normal-
ized symmetric correlations β1,2,−1,−2 (a), β1,3,−1,−3 (b), β2,3,−2,−3 (c),
β2,4,−2,−4 (d), β2,5,−2,−5 (e), and β3,4,−3,−4 (f).

central collisions between the initial and final state con-
structed 〈cos(2ψ1 − 2ψ2)〉. In panel (b), I demonstrated the
expected absence of correlations between ψ2 and ψ3 by
presenting the vanishing values of the ρ2,2,2,−3,−3 ratios.
The present results agree with the expectation that ψ3 is a
fluctuation-driven event plane. The ratios ρ2,2,−4, ρ2,2,2,−2,−4,
and ρ2,2,3,−3,−4 panel (c) give the correlation between ψ2

and ψ4 (〈cos(4ψ2 − 4ψ4)〉), the results show a reasonable
agreement between the three ratios. Also, I presented the
positive correlations between ψ2 and ψ6 (〈cos(6ψ2 − 6ψ6)〉)
given by the ratio ρ2,4,−6. The present calculations indicated a
disagreement in values between the ρX estimated from initial
and final state for ψ2–ψ4 and ψ2–ψ6 correlations.

The system size and centrality dependence of the
NASC ρ1,2,−3, ρ1,3,−4, ρ2,3,−5, and ρ3,3,−2,−4 are shown in
Fig. 15. The three event planes correlations 〈cos(1ψ1 +
2ψ2 − 3ψ3)〉, 〈cos(1ψ1 + 3ψ2 − 4ψ4)〉, 〈cos(2ψ2 + 3ψ3 −
5ψ5)〉, and 〈cos(6ψ3 − 2ψ2 − 4ψ4)〉 indicated an increase
with centrality selections for both initial and final state corre-
lators. The present results showed a negative correlation for

TABLE II. The summary of the NASC that is presented in this
work.

Event-plane angular correlations NASC

〈cos(2ψ1 − 2ψ2)〉 ρ1,1,−2

ρ1,1,1,−1,−2

〈cos(6ψ2 − 6ψ3)〉 ρ2,2,2,−3,−3

ρ2,2,−4

〈cos(4ψ2 − 4ψ4)〉 ρ2,2,2,−2,−4

ρ2,2,3,−3,−4

〈cos(6ψ2 − 6ψ6)〉 ρ2,2,2,−6

〈cos(1ψ1 + 2ψ2 − 3ψ3)〉 ρ1,2,−3

〈cos(1ψ1 + 3ψ3 − 4ψ4〉 ρ1,3,−4

〈cos(2ψ2 + 3ψ3 − 5ψ5)〉 ρ2,3,−5

〈cos(6ψ3 − 2ψ2 − 4ψ4)〉 ρ3,3,−2,−4

FIG. 14. Comparisons of the centrality dependence of the nor-
malized asymmetric correlations ρ1,1,−2 and ρ1,1,1,−1,2 (a), ρ2,2,2,−3,−3

(b), ρ2,2,−4, ρ2,2,2,−2,−4, and ρ2,2,3,−3,−4 (c), and ρ2,4,−6 (d), for Ru +
Ru and Zr + Zr at

√
sNN = 200 GeV from the AMPT model Case-1

and Case-2 parameters given in Table I. The curves represent the
initial state eccentricity fluctuations.

〈cos(6ψ3 − 2ψ2 − 4ψ4)〉 that disagree with the initial state
estimate. The present AMPT calculations for both isobars
indicated a disagreement in magnitude between the initial and
final state calculations.

E. Sensitivity to the deformations and nuclear skin

Many prior investigations into anisotropic flow
observables, especially the ratios involving Ru + Ru
and Zr + Zr, have underscored the sensitivity of
these observables to nuclear deformations and skin
[[53,55,56,60,61,64,70,71,74,116–119]. These studies have
highlighted that, in central collisions, the lower-order flow
harmonics (n < 4) exhibit sensitivity to the β2 and β3.
Higher-order flow harmonics are expected to be sensitive to

FIG. 15. Same as in Fig. 14 but for ρ1,2,−3 (a), ρ1,3,−4 (b), ρ2,3,−5,
ρ2,3,2,−2,−5, and ρ2,3,3,−3,−5 (c), and ρ3,3,−2,−4 and ρ2,3,3,−4,−4 (d).
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the interplay between lower- and higher-order deformation
parameters. Also, it has been noted that at noncentral
collisions, the anisotropic flow observables are more
susceptible to the change in the nuclear skin.

In this study, my focus is on the absolute values of the
observables rather than the Ru + Ru and Zr + Zr ratios.
At the absolute values level, the present SC results, illus-
trated in Figs. 1–3, indicate sensitivity to nuclear deformation
in central collisions and nuclear skin in noncentral colli-
sions. Figures. 4–11 present the mixed harmonics (A)SC,
expected to be sensitive to the interplay between lower- and
higher-order deformation parameters in central collisions. Ad-
ditionally, the NSC and NASC Figs. 12–15, anticipated to
be sensitive to initial-state effects, demonstrate sensitivity
to nuclear deformation and skin in central and noncentral
collisions, respectively. These observations suggest that the
presented observables have the potential to constrain the dif-
ferences in nuclear deformation and skin between 96Ru and
96Zr.

IV. SUMMARY AND OUTLOOK

This study utilizes the AMPT model to predict symmetric
correlations (SC), asymmetric correlations (ASC), normalized
symmetric correlations (NSC), and normalized asymmetric
correlations (NASC) for Ru + Ru and Zr + Zr at RHIC top
energy. The presented calculations can be categorized as
follows:

(i) Symmetric and asymmetric correlations: The SC and
ASC, as depicted in Figs. 1–11, are anticipated to

be sensitive to the interplay between initial and final
state effects. Thus, the SC and ASC can validate the
assumption that isobaric ratios effectively cancel the
final state effect between the two isobars. Moreover,
they can constrain the interplay between initial and
final state effects in theoretical calculations.

(ii) Normalized symmetric and asymmetric correlations:
The NSC and NASC, shown in Figs. 12–15, are
predicted to be primarily influenced by initial state
effects. Consequently, the NSC and NASC are better
suited for studying nuclear structure differences be-
tween 96Ru and 96Zr. The present results for Ru + Ru
and Zr + Zr reveal a noticeable discrepancy between
initial and final state calculations, emphasizing the
necessity for a data-model comparison.

In summary, this work presents the centrality dependence
of SC, ASC, NSC, and NASC from the AMPT model for
Ru + Ru and Zr + Zr at 200 GeV. This study offers a detailed
prediction of these correlations for Ru + Ru and Zr + Zr
collisions at RHIC top energy, considering differences in ge-
ometry and structure between 96Ru and 96Zr. I conclude that
conducting detailed comparisons between future experimental
measurements and the present calculations will aid in con-
straining the initial and final state effects of the AMPT model.
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