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Exploring the compactness of α clusters in 16O nuclei with relativistic 16O + 16O collisions
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Probing the α cluster of 16O with the relativistic 16O + 16O collisions has raised great interest in the heavy
ion community. However, the effects of the α cluster on the soft hadron observables vary largely among
different studies. In this paper, we explain the differences by the compactness of the α cluster in oxygen, using
iEBE-VISHNU hydrodynamic simulations with different initial state α cluster configurations. We also find several
observables, such as the intensive skewness of the [pT] correlator �pT , the harmonic flows v2{2}, v2{4}, v3{2},
and the v2

n − δ[pT] correlations ρ(v2
2, [pT]), ρ(v2

3, [pT]) in 16O + 16O collisions are sensitive to the compactness
of the α cluster in the colliding nuclei, which can be used to constrain the configurations of 16O in the future.
Our study serves as an important step toward the quantitative exploration of the α cluster configuration in the
light nuclei with relativistic heavy ion collisions.

DOI: 10.1103/PhysRevC.109.L051904

Introduction. The configurations of α clusters in nuclei
have attracted much attention from researchers for almost 100
years since the idea was first proposed by Gamow [1]. In
particular, the triangular configurations in 12C and the tetra-
hedral configurations in 16O have been extensively discussed
for decades [2–12]. Various approaches have been proposed
to study these configurations in both the ground and excited
states of the nucleus [13–20]. One of the most interesting
approaches is the relativistic heavy ion collisions, where the
structure information of the colliding nuclei is imprinted in
the created quark-gluon plasma (QGP) [21–35]. The original
idea was to collide a light nucleus against a heavy nucleus at
high energies to constrain the α cluster configurations of the
light nucleus [21]. Recently, both the BNL Relativistic Heavy
Ion Collider (RHIC) and the CERN Large Hadron Collider
(LHC) have performed or have decided to perform 16O + 16O
collisions at high energies [32,36], providing opportunities to
probe the α cluster configurations in a heavy ion experiment.

In relativistic heavy ion collisions, the nuclei pass each
other in a very short time. The spatial distribution of the
colliding nuclei is recorded instantaneously in the initial
stage of QGP, which leaves messages in the final state
correlations of the emitted hadrons. Since the dynamic
evolution of the QGP medium can be well described by
relativistic hydrodynamics or transport approaches, the final
state observables could be used to study the size and shape of
the initial state. The best example of which is the relativistic
isobaric collisions that the system uncertainties from the
detectors and the bulk properties of the QGP medium can
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be largely canceled [37–40]. The correlations of the initial
nucleons in the α cluster nuclei can also be probed by the cor-
relations of the final particles in the heavy ion collisions. The
STAR preliminary results already give some insight into the
configuration of 16O in relativistic 16O + 16O collisions [32].

Recently, tremendous efforts have been made to investi-
gate the effect of α cluster on the flow harmonics and other
observables in 16O + 16O collisions with the initial geometry
models, the hydrodynamic models and the transport models
[25–34]. Most of these studies focus on a typical config-
uration of α clusters in 16O, obtained by nuclear structure
theories or simple geometric constructions. However, due to
different Hamiltonians and/or approximations, calculations
such as variational Monte Carlo (VMC), nuclear lattice effec-
tive field theory (NLEFT), and extended quantum molecular
dynamics (EQMD) give very different tetrahedral-like clus-
tering correlations [6,23,41–43]. These different structures
lead to different predictions on the observables of relativistic
16O + 16O collisions [32]. We find that these different pre-
dictions may be due to the compactness of the α cluster in
16O—there could be a loose or compact “α” in the nuclei,
compared to the size of free α nuclei (rα ≡

√
〈r2〉 = 1.71 fm).

In this work, we will use a state-of-the-art relativistic hydro-
dynamic model to study the effect of tetrahedral α cluster
configurations on the final observables of 16O + 16O collisions
at

√
sNN = 6.5 TeV.

Model and setups. The dynamic evolution of the QGP
medium created by the 16O + 16O collisions at

√
sNN =

6.5 TeV is simulated by an iEBE-VISHNU [44,45] model. The
iEBE-VISHNU is an event-by-event hybrid model that com-
bines the TRENTo model generating the initial stage [46,47],
the VISH2+1 describing the collective expansion of the QGP
[48–50], and the UrQMD [51,52] simulating the evolution of
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TABLE I. The iEBE-VISHNU parameters for the simulation of
16O + 16O collisions at

√
sNN = 6.5 TeV. A detailed description of

these parameters can be found Refs. [31,58].

Initial condition/Pre-eq. QGP medium

Norm 17 GeV (η/s)min 0.11
p 0.0 (η/s)slope 1.6 GeV−1

σflut 1.6 (η/s)crv −0.29
rcp 0.51 fm (ζ/s)max 0.032
nc 1 (ζ/s)width 0.024 GeV
wc 0.51 fm (ζ/s)T0 0.175 GeV
dmin 0.4 fm Tswitch 0.151 GeV
τfs 0.37 fm/c

the hadron cascade in the hadronic rescattering process. All
the model parameters are listed in Table I, except those for
the structure of 16O. With these parameters, the anisotropic
flow observables measured by the ALICE and CMS collabo-
rations [53–55] can be well described with our iEBE-VISHNU
simulations.

In this Letter, we only focus on the tetrahedral configura-
tions of α clusters in 16O, but with more detailed discussions
on the compactness of the α in the nuclei. Some other con-
figurations such as linear chain and Y-shape configurations
are also of interest but are beyond the scope of this study.
In the tetrahedral configurations, the shape of oxygen is de-
scribed by a tetrahedron of side length l , and the centers of
four α clusters are placed at the vertices of the tetrahedron.
The spatial coordinates of the nucleons in each α cluster
are sampled from a three-dimensional (3D) Gaussian dis-
tribution with root-mean-square radius rα , which describes
the mean radius of each cluster. The rα parameter reflects
the compactness of the α cluster in the nuclei. A smaller
rα indicates a denser cluster in the nuclei. In this study, the
nuclear density of 16O is constructed with three magnitudes
of rα to comprehensively understand the effect of α clus-
ter configurations on the final observables. We enforce that
the root-mean-square radius of 16O should be the same for
the different densities (

√
〈r2〉 ≡ √

3l2/8 + r2
α = 2.73 fm from

the nuclear structure experiment [56], here, we ignore the
differences between charge density and nuclear mass den-
sity), a large l is being required for the case of compacted
α cluster. For comparison, a three parameter Fermi distribu-
tion (3pF) with the same root-mean-square radius of 16O is
also computed, ρ = ρ0(1 + ωr2/R2)[1 + exp((r − R)/a)]−1,
where R = 2.608 fm, a = 0.513 fm, ω = −0.051 fm [56].
The corresponding parameters are listed in Table II and the
two-dimensional densities obtained by integrating their nu-
clear densities along one of their C3 rotation axes are shown
in Fig. 1. Obvious triangular hot spots appear at small rα/l .
The one-body density ρ(r) was enhanced at r ∼ 2 fm with
small rα/l , consistent with recent study [57]. We find that
the two-body correlation functions C(r) [26] imply attractive
effect at low separations r with small rα/l , this needs to
be further investigated with more realistic nuclear structure
theory calculations.

We simulate ∼50 k hydrodynamic events of 16O + 16O
collisions at

√
sNN = 6.5 TeV for each nuclear density at

TABLE II. The parameters (side length l of tetrahedron, the
rms radius rα of each cluster) for the nuclear distributions of 16O
with tetrahedral configurations of α clusters. The parameters for
the Woods-Saxon distribution is R = 2.608 fm, a = 0.513 fm, and
ω = −0.051 fm [56].

Distribution l rα rα/l

I Woods-Saxon
II α cluster 3.0 2.0 0.67
III α cluster 3.6 1.6 0.44
IV α cluster 4.0 1.2 0.30

the top 50% centrality, together with 2000 oversamplings of
UrQMD afterburner for each hydrodynamic event. The central-
ity is determined by the charged particle multiplicity with
|η| < 0.5. Based on these simulations, we find that several
observables are sensitive to the configurations of 16O, such as
the mean transverse momenta 〈pT〉 ≡ 〈[pT]〉, the two-particle
[pT] correlator 〈�pTi�pT j 〉, the intensive skewness of [pT]
correlator �pT , the elliptic flows v2{2}, v2{4} and their ratios,
the triangular flow v3{2}, as well as the v2

n − δ[pT] corre-
lations ρ(v2

2, [pT]) and ρ(v2
3, [pT]). Here, [pT] is the mean

transverse momentum of a given event and 〈· · · 〉 denotes the
average over the ensemble of events.

Before the discussion of the results, some definitions of
these observables are given below. The intensive skewness is
defined by [59]

�pT = 〈�pTi�pT j �pTk 〉〈pT〉
〈�pTi�pT j 〉2 . (1)
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FIG. 1. The two-dimensional density distributions (unit in fm−2)
of the different tetrahedral configurations of 16O listed in Table II,
obtained by integrating their nuclear densities along one of their C3
rotation axes.
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FIG. 2. The centrality dependent (a) mean transverse momenta 〈pT〉, (b) two-particle [pT] correlator 〈�pTi �pT j 〉, and (c) intensive
skewness of [pT] correlator �pT of charged hadrons in 16O + 16O collisions at

√
sNN = 6.5 TeV, calculated by the iEBE-VISHNU model with

different initial state α cluster configurations.

Here, 〈�pTi�pT j 〉 and 〈�pTi�pT j �pTk 〉 are the two- and
three-particle correlators of [pT], defined as

〈�pTi�pT j 〉 =
〈

Q1
2 − Q2

Nch(Nch − 1)

〉
−

〈
Q1

Nch

〉2

, (2)

〈�pTi�pT j �pTk 〉 =
〈

Q1
3 + 2Q3 − 3Q1Q2

(Nch − 1)(Nch − 2)

〉
+ 2

〈
Q1

Nch

〉3

− 3

〈
Q1

Nch

〉〈
Q1

2 − Q2

Nch(Nch − 1)

〉
(3)

with Qn = ∑Nch
i=1 pn

T,i.
The Pearson correlation coefficient of v2

n − δ[pT] correla-
tion is defined by [60]

ρ
(
v2

n, [pT]
) =

〈
v2

nδ[pT]
〉

√〈(
δv2

n

)2〉〈(δ[pT])2〉
, (4)

which is an observable that sensitive to the initial geometry
and its fluctuations. The associated flow harmonics are calcu-
lated with the Q-cumulant method [61].

Results and discussions. For our hydrodynamic simula-
tions, the centrality cuts are slightly different with different
16O densities. However, for the observables discussed in this
study, the bias due to centrality cut differences are negligible
when comparing the four cases. Quantitatively, most of the
results discussed in this work can be described by the related
initial predictors, i.e., [pT] ∝ d⊥ ≡ E/S and vn ∝ εn [62,63].
Here, E and S are the initial total energy and entropy, and εn

are the initial eccentricities.
Figure 2 shows the centrality dependent cumulants of the

〈pT〉 distributions. Except for the very compact cluster in case
IV, the predictions of these cumulants are roughly overlap
within error bars. In relativistic heavy ion collisions, the 〈pT〉
depends on the density of the overlap region [64,65], and the
magnitude typically decreases with centrality, as in cases I–III
shown in Fig. 2(a). However, when the α cluster is highly
compact in the nuclei, as in case IV, there is a nonmonotonic
centrality dependence for the 〈pT〉, as the compact cluster
reduces the 〈pT〉 for central collisions and increases it for
peripheral collisions. The effect of α configurations on two-
particle [pT] correlator 〈�pTi�pT j 〉 shown in Fig. 2(b) is

similar to the 〈pT〉, except that all trends show the correlator
increasing with centrality. Conversely, the compact α cluster
increases the intensity of the [pT] correlator �pT at central col-
lisions and decreases it at peripheral collisions, see Fig. 2(c).
The centrality dependence of �pT is weak for the first three
cases of nuclear densities, while its prediction from case IV
nuclear density shows a very obvious centrality dependence,
the value decreasing with centrality. The effect of α cluster
on the flow observables in 16O + 16O collisions are shown
in Figs. 3 and 4. Such effect has been studied extensively
in previous work. However, different studies give different
conclusions on the α cluster effect. Some of them predicted
that the effect of α cluster on flow observables is considerably
small [31,32], while some other studies indicate that the flow
observables can be used to detect the α cluster in oxygen
[26,28,32]. This may be due to the different configurations
used in their models. Here, we give a possible way to under-
stand these differences.

Figure 3 shows the centrality dependent v2{2}, v2{4}
and their ratios in 16O + 16O collisions at

√
sNN = 6.5 TeV,

calculated from iEBE-VISHNU with different α cluster con-
figurations.1 The predictions from the Woods-Saxon density
(case I) and the loose cluster density (case II) are similar. The
reason is that with the large rα/l in case II, the four α clusters
in oxygen overlap with each other, and we get a smooth
nuclear density as in the Woods-Saxon case. The compact
α (case IV), however, introduces more fluctuations into the
initial state, giving very different predictions for the centrality
dependent elliptic flow. Especially for mid-center collisions
like 10–30 % centralities, the enhancements of v2{2} and v2{4}
due to the compact cluster in oxygen are obvious. An inter-
esting feature is that such enhancements are larger for the
elliptical flow obtained from four-particle correlations than
those from two-particle correlations, resulting in non-trivial
centrality dependent v2{4}/v2{2} ratios, as shown in Fig. 3(c).

For flow observables in a single collision system, their
individual magnitude depends on the properties of the QGP

1c2{4} tunes to positive value in the 40–50 % centrality, there thus
is no v2{4} ≡ (−c2{4})1/4 value above 40–50 % centrality for case IV
in Figs. 3(b) and 3(c).
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FIG. 3. The centrality dependent (a) v2{2}, (b) v2{4}, and (c) their ratios of all charged hadrons in 16O + 16O collisions at
√

sNN = 6.5 TeV,
calculated by the iEBE-VISHNU model.

medium, we therefore prefer to discuss their ratios to ex-
plore the nuclear structure effect [39,66]. The v2{4}/v2{2}
have been used to study the α configurations in heavy ion
experiments. In comparison to the initial model simulations,
the STAR preliminary results on the centrality dependent
v2{4}/v2{2} ratio in central collisions are consistent with the
prediction with α configuration from VMC calculations, while
the prediction with α configuration from NLEFT calcula-
tions somehow failed. Based on our study with hydrodynamic
simulations, the different predictions on the trends of the cen-
trality dependent v2{4}/v2{2} ratios are due to the different
rα/l under tetrahedral α configurations, the hydrodynamic
simulations with a smaller rα/l predict a rapid increase at the
top 10% centrality. From nuclear structure theories, we know
that the effective rα/l from VMC is smaller than the one from
NLEFT [6,23], consistent with our conclusions. Our study of
the top RHIC energy is ongoing.

Figure 4 shows the centrality dependent triangular flow
v3{2} in 16O + 16O collisions at

√
sNN = 6.5 TeV, calculated

by iEBE-VISHNU model. The effect of the α cluster on v3{2}
is obvious in the most central collisions. As mentioned above,
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FIG. 4. The centrality dependent v3{2} of all charged hadrons
in 16O + 16O collisions at

√
sNN = 6.5 TeV, calculated by the

iEBE-VISHNU model.

the compact α cluster contributes large fluctuations to the
initial profiles. However, one would expect such an effect to
introduce some enhancement of the v3{2} for the whole cen-
trality range. Therefore, the only enhancement at most central
collisions shown in Fig. 4 is most likely due to the geometry
becoming dominant contributions. We know that a large oc-
tupole deformation is an enhancement of v2{2} in midcentral
collisions and v3{2} in most-central collisions [67], which is
similar to the effect of the α clusters shown in Figs. 3 and 4. In
fact, the cluster structure in oxygen indicates finite Q3X with
octupole deformation [68]. If we project the density into the
transverse plane of the heavy ion collisions, we get an obvious
triangular structure like the Hoyle 12C, as shown in Fig. 1.
Therefore, a nonzero β3 would be required to parametrize the
clustered oxygen with the Woods-Saxon formula, and it is
interesting to further investigate the differences between the
clustered density and its Woods-Saxon parametrization.

We now focus on the correlations between the two ob-
servables. Figure 5 shows the centrality dependent Pearson
correlation coefficients ρ(v2

2, [pT]) and ρ(v2
3, [pT]), calcu-

lated by the iEBE-VISHNU model with different initial state α

configurations. The ρ(v2
2, [pT]) decreases and changes from

positive to negative with respect to centrality, and it de-
creases faster in the configurations with compact α cluster.
The ρ(v2

3, [pT]) has negative correlations in all centralities
with different nuclear densities, and it gains a strong sup-
pression from the compact α cluster in oxygen. We note
that the contributions of the α cluster to ρ(v2

2, [pT]) have
significant centrality dependence, while their contributions to
ρ(v2

3, [pT]) are weakly dependent on centrality. We therefore
propose that the Pearson correlation coefficients ρ(v2

2, [pT])
and ρ(v2

3, [pT]) are sensitive observables to probe the com-
pactness of α cluster in oxygen with relativistic heavy ion
collisions.

Conclusion. Using the iEBE-VISHNU hybrid model, we
have studied the effect of α clusters in 16O on the soft hadron
observables in 16O + 16O collisions at

√
sNN = 6.5 TeV. We

found that the importance of the α cluster for the observables
in 16O + 16O collisions depends on the compactness of the α

cluster (i.e., rα/l) in the light nuclei: densities with compact
cluster (small rα/l) give very different predictions from those
of the Woods-Saxon density. The intensive skewness of the
[pT] correlator �pT , the elliptic flow v2{2}, v2{4}, and their
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FIG. 5. The charged hadron Pearson correlation coefficients (a) ρ(v2
2, [pT]) and (b) ρ(v2

3, [pT]) as a function of centrality in 16O + 16O
collisions at

√
sNN = 6.5 TeV, calculated by the iEBE-VISHNU model.

ratios, the triangular flow v3{2}, the Pearson correlation coef-
ficients ρ(v2

2, [pT]) and ρ(v2
3, [pT]) are sensitive to rα/l . The

α cluster effect depends on the compactness of the α cluster
in the 16O, providing a possible way to explain the differ-
ences in previous predictions with the EQMD density and the
NLEFT density. The magnitude of rα/l reflects the properties
of the strong interaction in a nucleus, which can give us some
detailed information about QCD. We note that for a quan-
titative exploration of the compactness of α clusters in 16O
with heavy ion collisions, more effects such as the detailed
distributions of each α cluster, the subnucleon structure, need
to be further investigated. Therefore, our study serves as an

important step towards a quantitative exploration of the com-
pactness of the α cluster in light nuclei in relativistic heavy
ion collisions. We expect that the value rα/l can be extracted
from our proposed observables in the current and upcom-
ing relativistic 16O + 16O collision program at RHIC and the
LHC.
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