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Determining the neutron skin thickness by relativistic semi-isobaric collisions
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The neutron skin thickness of the benchmark nucleus 208Pb is crucial for our understanding of the equation of
state of nuclear matter. In this paper, we discuss the effect of the neutron skin on the flow ratio observables
in the semi-isobaric collisions 208Pb + 208Pb and 197Au + 197Au using IEBE-VISHNU hydrodynamic simulations.
Our results suggest that 208Pb and 197Au should have the same magnitude of neutron skin thickness to describe
the anisotropic flow ratios between the semi-isobaric systems. Our method provides an unconventional way to
determine the neutron skin with the existing relativistic heavy ion collision data.
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I. INTRODUCTION

The equation of state (EoS) of nuclear matter governs the
general properties of the nuclear force over several orders of
magnitude, from nuclei to neutron stars [1–4]. The symmetry
energy in the EoS encodes the energy associated with the
neutron-proton asymmetry. Measurements of the neutron skin
thickness �rnp can provide valuable information about the
nuclear symmetry energy [5–12]. The neutron skin of the
benchmark nuclei 208Pb (�rnp = 0.28 ± 0.07 fm) and 48Ca
(�rnp = 0.121 ± 0.026 ± 0.024 fm) were recently measured
by the lead radius experiment PREX-II and the calcium ra-
dius experiment CREX with parity violating electron nucleus
scattering processes [13,14]. Based on the energy density
functional calculations, the PREX-II data lead to a stiff EoS,
while the CREX data favor a softer EoS [15]. These results
challenged our current understanding of the EoS of nuclear
matter, which led to extensive studies in low energy nuclear
physics in the past two years [16,17]. In general, the mea-
surement of the mass radii can be used directly to determine
the neutron skin thickness of such nuclei, given that their
charge radii can be accurately measured. The photoproduction
of neutral ρ mesons has been found to be sensitive to the mass
radii of the colliding nuclei, and this method has been applied
in relativistic heavy ion collisions [18,19]. The neutron skin
of 197Au (�rnp = 0.17 ± 0.03 ± 0.08 fm) has been measured
by the STAR Collaboration with the ρ0 → π+π− photopro-
duction method in ultraperipheral Au + Au collisions (UPCs)
at

√
sNN = 200 GeV [19].
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Recently, more unconventional methods have been pro-
posed for neutron skin thickness measurements in relativistic
heavy ion collisions [20–29]. In heavy ion collisions at top
energies available at the BNL Relativistic Heavy Ion Col-
lider (RHIC) and the CERN Large Hadron Collider (LHC),
the quark gluon plasma (QGP), a decoupled phase of quarks
and gluons, has been created [30–34]. The QGP can be suc-
cessfully described by relativistic hydrodynamics simulations
with a small specific shear viscosity [35–41]. It was also found
that the final state observables, such as multiplicity, mean
transverse momentum, and anisotropic flow, are intrinsically
related to the initial state and thus sensitive to the structure
of the colliding nuclei [38,39,42,43]. These observables are
subject to less uncertainty from the strong interactions in
quantum chromodynamic theory than the observables in low-
energy hadronic collisions. However, it is difficult to directly
distinguish the subtle nuclear structure effects in a single
collision system due to the uncertainties in the bulk properties
of the QGP evolution, although some efforts have been made
recently [29,43]. The RHIC isobaric runs with 96

40Zr + 96
40Zr

and 96
44Ru + 96

44Ru collisions at
√

sNN = 200 GeV, originally
designed to search for the chiral magnetic effect (CME),
provide unique opportunities to probe the nuclear structures
of the colliding nuclei from the early stages [20–28,44–46].
This is because the uncertainties from the bulk properties
of the QGP can be significantly reduced by the observable
ratios between the two collision systems [45,47]. Due to the
large statistics of isobaric collisions, the differences between
the two collision systems can be measured with high pre-
cision. Previous studies have proposed that the differences
in multiplicity and mean transverse momentum between the
isobaric collisions can be used to probe the neutron skin
and the symmetry energy slope parameter [20,47]. These
studies also suggested that elliptic flow measurements can
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FIG. 1. Different symmetric collision systems at RHIC and
the LHC.

also determine the proper nuclear structures of the isobaric
nuclei [21,48].

Because of the advantages of isobaric collisions, one might
expect using such a method to determine the neutron skin
of the benchmark nuclei 208Pb with the rich soft data from
Pb + Pb collisions at the LHC [32,49]. Currently, no suitable
isobaric partner for 208Pb has been collided in relativistic
heavy ion collisions. Figure 1 summarizes the symmetric
collisions systems at RHIC and the LHC. The only existing
data for isobaric collisions in relativistic heavy ion collisions
are those of the 96

44Ru + 96
44Ru and 96

40Zr + 96
40Zr collisions at

the top RHIC energy [45]. If we relax the restriction and
consider colliding nuclei with similar baryon numbers, called
semi-isobaric, we can discuss the ratio observables in such
semi-isobaric collisions. For example, the ratio observables
between 197Au + 197Au and 238U + 238U collisions have been
used to discuss the effect of nuclear deformation [50]. For the
purpose of determining the neutron skin thickness of 208Pb,
the nucleus 197Au is a good choice, with a large amount of col-
lision experiment data and small deformation effect [51–54].
In this paper, we calculate the anisotropic flows v2 and v3

of 197Au + 197Au at
√

sNN = 200 GeV and 208Pb + 208Pb at√
sNN = 2.76 TeV with different neutron skin sizes and com-

pare them with the measured data of the flow observables. We
aim to explore the effect of the neutron skin on the anisotropic
flow differences between the semi-isobaric systems.

The paper is organized as follows. Section II gives a brief
description of the models and the nuclear density profiles
used in this work. Section III discusses the effects of neutron
skin on the flow observables in the semi-isobar collisions
208Pb + 208Pb and 197Au + 197Au. Section IV summarizes and
concludes this paper.

II. MODEL SETUP

The effect of neutron skin on the final observables in rel-
ativistic heavy ion collisions is studied using an IEBE-VISHNU

model [55,56]. IEBE-VISHNU [55,56] is a state-of-the-art hy-
brid model with (2 + 1)-dimensional viscous hydrodynamics
[57,58] to describe the expansion of QGP matter, followed by
a hadron cascade model (URQMD) to simulate the evolution
of the subsequent hadronic matter [59,60]. For more details
on the model and parameter setups, please refer to [56,61,62].

TABLE I. The WS parameter for 208Pb and 197Au with different
values of the halo-type neutron skin thickness.

�rnp
208Pb 197Au

(fm) R0 (fm) a (fm) R0 (fm) a (fm)

0 6.62 0.546 6.38 0.535
0.17 6.62 0.6177 6.38 0.605
0.28 6.62 0.661 6.38 0.647

Here, we implement the TRENTO initial condition model [63]
to start the hydrodynamic simulations. The nuclear density in
TRENTO is described by a Woods-Saxon (WS) distribution,

ρ(r) = ρ0

1 + exp
(

r−R
a0

) , (1)

with

R = R0
[
1 + β2Y

0
2 (θ, φ) + β3Y

0
3 (θ, φ) + · · · ], (2)

where ρ0 is the nuclear saturation density, a is the diffuseness
parameter, R0 is the radius parameter, and β2 and β3 are
the nuclear deformation parameters. In this study, we set βn

of 197Au and 208Pb to zero because the nuclear deformation
parameters are expected to be small for both nuclei.

The nuclear densities can in principle be calculated with
some fundamental nuclear structure theories such as energy
density functional theory, and the neutron skin is strongly
correlated with the symmetry energy slope parameter. For
simplicity, we follow the Woods-Saxon framework. The low-
energy nuclear experiments indicate that the neutron skin
for most of the nuclei is of halo type [64]. The halo-type
neutron skin thicknesses of 208Pb and 197Au are constructed
by using different diffuseness parameters a for the proton
and mass densities, keeping the radius parameter R0 fixed.
The WS parameters for the nuclear mass densities are listed
in Table I; the corresponding WS parameters of the proton
density are the same as those of the mass density in the case of
�rnp = 0 fm. In this study, we used three sets of neutron skin
thicknesses for both Pb and Au, i.e., �rnp = 0 fm, �rnp =
0.17 fm, and �rnp = 0.28 fm. The �rnp = 0.28 fm results
are taken from the PREX-II experiment for 208Pb nuclei by
electroweak parity-violating scattering processes [13]. The
�rnp = 0.17 fm are taken from the STAR measurement for
197Au nuclei by relativistic Au + Au collisions at

√
sNN =

200 GeV [19].
For the following IEBE-VISHNU simulations for

208Pb + 208Pb collisions at
√

sNN = 2.76 TeV and
197Au + 197Au collisions at

√
sNN = 200 GeV, most of the

parameters are taken from a previous Bayesian analysis [65],
and are extracted from the spectra and flow data measured
in 208Pb + 208Pb collisions at

√
sNN = 2.76 TeV. We use the

improved TRENTO version with nucleon constituent scenario;
all the model parameters are listed in Table II. Here, we have
only changed the normalization factor Norm = 5.35 GeV
and the inelastic cross section σNN = 4.23 fm2 [66] for a
better description of the soft hadron data in 197Au + 197Au
at

√
sNN = 200 GeV at RHIC. We also note that the

hydrodynamic parameters are extracted with the �rnp = 0 fm
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TABLE II. The parameters of the IEBE-VISHNU simulations for
208Pb + 208Pb and 197Au + 197Au collisions. The only differences be-
tween the two systems are the normalization factor (Norm) and the
inelastic cross section (σNN ). All parameters are taken from Ref. [65],
except the parameters m and v related to the subnucleon structure.

TRENTO/FREESTREAM OSU-HYDRO

Norm 13.94/5.35 GeV (η/s)min 0.081
σNN 6.4/4.23 fm2 (η/s)slope 1.11 GeV−1

k 0.1978 (η/s)crv −0.48
w 0.956 fm (η/s)hrg 0.5
p 0.007 (ζ/s)max 0.052
m 6 (ζ/s)width 0.022 GeV
v 0.956 fm (ζ/s)Tpeak 0.183 GeV
dmin 1.27 fm Tswitch 0.151 GeV
τfs 1.16 fm/c

in the simulations of Pb + Pb collisions; the values should be
changed at some levels if the neutron skin effect is included.
Since we focus on the ratio observables described by the
following Eq. (3) in this study, the main conclusions will not
be largely influenced if other hydrodynamic parameters are
used.

In order to reduce the systematic uncertainties, we will
focus on the ratio of the flow observables between the semi-
isobaric systems 208Pb + 208Pb at

√
sNN = 2760 GeV and

197Au + 197Au at
√

sNN = 200 GeV, which is defined as

R(X ) ≡ X PbPb

X AuAu
, (3)

Here, the flow observables v2{2}, v2{4}, and v3{2} are calcu-
lated by the standard Q-cumulant methods [67]. The results
are compared with the RHIC and LHC data [51–53,68], and
only the statistical uncertainties are considered for the data-
to-model comparisons.

III. RESULT AND DISCUSSION

Figure 2(a) shows the mean multiplicity as a function of
centrality for 197Au + 197Au collisions at

√
sNN = 200 GeV

and 208Pb + 208Pb collisions at
√

sNN = 2.76 TeV, calculated
from IEBE-VISHNU simulations with different sizes of neutron
skin thickness. It demonstrates that the effect of the neutron
skin on the mean multiplicity is considerably small, even for
the ratios in the semi-isobaric collisions as shown in panel
(b). Previous studies in exactly isobaric collisions with high
statistics indicate that the mean multiplicities are sensitive
to the neutron skin thicknesses and thus to the symmetry
energy slope parameter [20,48]. However, the effect is only
less than 1% in most-central isobaric collisions; it is invisible
in this study with current statistics, and is marginally different
at peripheral collisions. We note that the uncertainties from
the normalization factor cannot be eliminated for R(〈Nch〉),
since we are dealing with the collision system at different
collision energies. Therefore, the multiplicity ratio is not a
good observable to discuss the neutron skin effect in such
semi-isobaric collisions, and the mean transverse momentum
〈pT 〉 has a similar issue. Therefore, exactly isobaric collisions
for 208Pb and/or 197Au are desired to demonstrate the effects.

The halo-type neutron skin is expected to give opposite
contributions to v2 and v3 in noncentral relativistic heavy ion
collisions [21,48]. Figure 3 shows the effect of the neutron
skin on v2 and v3 in semi-isobaric collisions. Results from
hydrodynamic simulations without neutron skin contributions
work well for v2{2} and v2{4} in both Pb + Pb and Au + Au
collisions, but are underestimated for v3{2}. These results are
consistent with the previous Bayesian simulations [65]. For
the results with thick neutron skin contributions �rnp = 0.28
fm, the predictions for v3{2} become better, but the v2{2} and
v2{4} data are underestimated. Here, we did not change the
previous parameters [65] obtained from Bayesian analysis to
further improve the description of individual flow harmonics,
but the results indicate that the predictions of flow observables
from hydrodynamic simulations can be improved by consid-
ering the effect of neutron skin thickness.

Figure 4 shows the ratios of v2{2}/v3{2} and v2{4}/v3{2} in
both Au + Au collisions and Pb + Pb collisions. The geome-
try and fluctuations of the diffuseness parameter a are crucial
for the simulation of the flow observables in relativistic heavy
ion collisions [48,69]. In general, the differences in a between
charge and mass densities are mostly due to the halo-type

FIG. 2. Charged particle production with different sizes of neutron skin in (a) 208Pb + 208Pb collisions at
√

sNN = 2.76 TeV and
197Au + 197Au collisions at

√
sNN = 200 GeV, and (b) their ratios.
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FIG. 3. Flow harmonics v2{2}, v2{4}, and v3{2} in Pb + Pb collisions at
√

sNN = 2.76 TeV and Au + Au collisions at
√

sNN = 200 GeV,
calculated from IEBE-VISHNU hydrodynamic simulations with different sizes of neutron skin for the colliding nuclei.

neutron skin thickness in nuclear structure theory calculations.
For most of the central collisions, the ratios of v2{4}/v2{2}
are smaller in Au + Au collisions than in Pb + Pb collisions
(not shown), indicating that the fluctuation contributions are
larger in Au + Au collisions than in Pb + Pb collisions be-
cause the system size is smaller in Au + Au collisions with
smaller mass number. The differences between the predictions
with different sizes of the neutron skin become even more
obvious due to the opposite contributions at v2{2} (v2{4}) and
v3{2}. With the current parameter set, the ratio observables
from most-central to semicentral collisions can be well ex-
plained by the hydrodynamic simulations with a neutron skin
of �rnp = 0.17 fm for both 208Pb and 197Au. This value of
�rnp is only indicative, as we now proceed to explain.

The individual flow observables are also sensitive to the
bulk properties of the QGP medium. The ratios of flow
observables in a single collision system discussed above can
reduce the systematic uncertainties and the uncertainties from
bulk evolution to some extent. However, this cancellation in
a single collision system is not good enough. For example,
we have checked that the observables discussed above are
sensitive to the Gaussian smearing parameter w in the initial
TRENTO simulations. To further reduce or eliminate these

uncertainties, one can study the flow observables in two
collision systems with similar system size and collision
energy, as has been done for isobaric 96

44Ru + 96
44Ru and

96
40Zr + 96

40Zr collisions. Here we use Pb + Pb collisions
and Au + Au collisions discussed above as semi-isobaric
collisions, regardless of the differences in system size and
collision energy. Since the observables at top RHIC and LHC
energies can be described by the hydrodynamical simulations
with a fixed set of parameters [70], the uncertainties from
the bulk properties would be small. For example, we have
checked that a 20% difference in the free-streaming time
τ f between RHIC and LHC energies will not change our
conclusion. Of course, it is expected that the uncertainties can
be further reduced when the data of the two systems at the
same collision energy can be produced in the future.

Figure 5(a) shows the individual flow ratios R(v2{2}),
R(v2{4}), and R(v3{2}), in the semi-isobaric collisions. Here
we have fixed the neutron skin for Au with �rnp = 0.17 fm
and changed the neutron skin for Pb. A larger neutron skin
in Pb gives larger negative contributions to v2{2} and v2{4},
but a positive contribution to v3{2}. The results with different
sizes of the neutron skin can be distinguished in the ratios
of the individual flows, while the uncertainties are large for

FIG. 4. The flow ratios of v2{2}/v3{2} and v2{4}/v3{2} in (a) Au + Au collisions at
√

sNN = 200 GeV and (b) Pb + Pb collisions at√
sNN = 2.76 TeV from IEBE-VISHNU hydrodynamic simulations with different sizes of neutron skin for the colliding nuclei.
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FIG. 5. The ratios of (a) individual flow observables v2{2}, v2{4}, v3{2} and (b) their double ratios in semi-isobaric collisions, calculated
from IEBE-VISHNU hydrodynamic simulations with different sizes of neutron skin for the 208Pb nuclei. The neutrons skin for 197Au is fixed to
�rnp = 0.17 fm.

the model study with current statistics. The double ratios of
R(v2{2}/v3{2}) and R(v2{4}/v3{2}) can be used to enhance the
significance of the differences. The results shown in Fig. 5(b)
indicate that the experimental data can be well described if
Pb has the same size of neutron skin. Here we have fixed the
neutron skin for Au with �rnp = 0.17 fm and changed the
neutron skin of Pb. One would expect the same conclusions
if the neutron skin of Pb is fixed and the neutron skin of
Au is tuned.

We have shown that the neutron skin thickness can be
extracted from the flow ratio observables in relativistic semi-
isobaric collisions when the neutron skin of the partner nuclei
is known. In the more general case, the neutron skin thick-
nesses of both partner nuclei are unknown. The semi-isobaric
collision can be used to study the relative differences between
the two nuclei. We find that if the Pb and Au nuclei have
the same magnitude of neutron skin thickness, the conclu-
sions from the double ratio flow observations do not change
regardless of the exact value of the neutron skin chosen. Such
a scaling behavior is shown in Fig. 6. All predictions follow
the same trend when 197Au and 208Pb have the same size of
neutron skin. Based on this scaling law, the large difference in

FIG. 6. The approximate scaling law in the isobaric ratio of
v2{2}, v2{4}, v3{2}, v2{2}/v3{2}, v2{4}/v3{2} when 208Pb and 197Au
have the same neutron skin size.

neutron skin thickness between 208Pb and 197Au measured by
the PREX-II and STAR Collaborations is disfavored by mea-
sured flow observables and our calculations, indicating that
semi-isobaric collisions can provide some tight constraints
on the neutron skin thickness and thus the nuclear symmetry
energy at relativistic collision energy.

IV. CONCLUSION

This paper focuses on studying the effect of the neutron
skin from the flow observables measured in 208Pb + 208Pb
and 197Au + 197Au collisions. Within the framework of IEBE-
VISHNU hydrodynamic simulations, the neutron skin thickness
is introduced into the Woods-Saxon distribution of 208Pb
and 197Au nuclei in the TRENTO initial condition. Using
�rnp = 0.17 fm extracted from ρ0 → π+π− photoproduc-
tion in ultra-peripheral Au + Au collisions, IEBE-VISHNU can
roughly describe the flow data in 197Au + 197Au collisions at√

sNN = 200 GeV, together with the standard hydrodynamic
parameters obtained from earlier Bayesian analysis and an ap-
propriate tuned normalization factor for initial entropy at top
RHIC energy. Meanwhile, it demonstrates that larger neutron
skin suppress the elliptic flow but increases the triangular flow
at both RHIC and LHC energies. In order to partially remove
the uncertainties from the bulk evolutions, we also calculated
the flow ratios v2{2}/v3{2} and v2{4}/v3{2} and found that
these two ratios in both Pb + Pb and Au + Au collisions
can be well described by the hydrodynamics calculated with
�rnp = 0.17 fm for both 208Pb and 197Au nuclei.

To further investigate the effect of the neutron skin on
the flow observables with less systematic uncertainty, we
assumed the 208Pb + 208Pb collisions at LHC energy and the
197Au + 197Au collisions at top RHIC energy as semi-isobaric
systems and calculated the flow ratio observables in
such semi-isobaric collisions, despite the difference in
collision energy and mass number. The associated flow ratios
R(v2{2}/v3{2}) and R(v2{4}/v3{2}) between Au + Au and
Pb + Pb collisions suggest that 208Pb and 197Au should have
the same magnitude of neutron skin thickness. Thus, the
large difference in neutron skin thickness between 208Pb and
197Au measured by the PREX-II and STAR Collaborations is
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disfavored by the flow data and our calculations in Au + Au
and Pb + Pb collisions. In short, similarly to the exactly
isobaric collisions with 96

44Ru + 96
44Ru and 96

40Zr + 96
40Zr at the

same collision energy, the semi-isobaric collisions proposed
in this study can also give constraints on the neutron skin
thickness and symmetry energy slope parameters in an
unconventional way with a set of the existing flow data.
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