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Interplay of effects of neutron skins in coordinate space and proton skins in momentum
space on emission of hard photons in heavy-ion collisions near the Fermi energy
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Within an isospin- and momentum-dependent Boltzmann-Uehling-Uhlenbeck transport model, we investigate
the hard photons emission from neutron-proton bremsstrahlung in the reaction system of 208Pb + 208Pb around
Fermi energy. Effects of neutron skins in coordinate (r) space and proton skins in momentum (k) space on the
time evolution, the angular distribution, and the transverse momentum spectra of hard photons with different
energies are studied. It is shown that the emission of direct hard photons is sensitive to the neutron skin, which
has larger effects for more energetic hard photons. Meanwhile, we find that the proton skins have an important
influence on the emission of direct hard photons, and its effect is actually even larger than that of neutron skins.
It needs to take the effect of proton skins into account when we determine the size of neutron skins by comparing
transport mode predictions of hard photons with the corresponding experimental measurements.
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I. INTRODUCTION

For two decades, the neutron skin thickness of nuclei as a
sensitive probe of the nuclear symmetry energy has attracted
much attention in nuclear physics and astrophysics [1–4]. It
is defined as the difference between the root-mean-square
(rms) radii of neutrons and protons, i.e., �rnp = 〈r2

n〉1/2 −
〈r2

p〉1/2. Much effort has been devoted to measuring the size
of neutron skin experimentally, e.g., photopion production,
pionic and antiprotonic atoms method at CERN [5–7] and
parity-violating electron scattering at the Jefferson Laboratory
(PREX-I and PREX-II experiment) [8,9]. Theoretically, lots
of theories, e.g., mean-field models [4,10], ab initio compu-
tations [11,12] and droplet models [3,13], have been used
to study the neutron skin thicknesses of neutron-rich nuclei.
Moreover, extractions of �rnp in 208Pb and 209Bi from differ-
ent hadronic probes have been made [14,15], although there
might be some degree of model dependence involved. How-
ever, the community has not reached a consensus on precise
values of neutron skins of heavy nuclei. Therefore, it is of
great importance to improve the accuracy of the extraction of
neutron skin thickness for helping us to explore the density
dependence of nuclear symmetry energy, which is conducive
to understanding properties of neutron-rich matter and even of
neutron stars for us.

It is well known that observables of heavy-ion collisions
are sensitive to the initial phase space distributions of nucleons
or quarks and gluons in the colliding nuclei. For example, it
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was proposed that the yield ratios of a neutron-proton and
that of 3H - 3He could serve as the sensitive probes to neutron
skin thickness in heavy-ion collisions, see, e.g., Refs. [16,17]
for recent reviews. The neutron skin effect also has been
studied at both intermediate [18] and relativistic heavy-ion
collisions [19–21]. It is also well known that hard photons
are promising probes to study the reaction dynamics in nu-
clear physics [22], because they only interact weakly with
the nuclear medium through an electromagnetic force un-
like hadronic probes inevitably suffering from distortions due
to strong interactions in the final stage. For hard photons,
usually defined as γ -ray spectra above 30 MeV (distinct
from the giant dipole resonance emission [23]), experimen-
tal and theoretical studies consistently indicate that they are
emitted mainly in incoherent proton-neutron bremsstrahlung,
p + n → p + n + γ , during the early stages of heavy-ion col-
lisions [24–28]. This part of hard photons associated with
the first-chance proton-neutron collisions are called direct
photons. Recently, Refs. [29,30] have put forward that hard
photon emission can be taken as an experimental observable
to extract information on neutron skin thickness. On the other
hand, nucleon-nucleon short-range correlations (SRCs) due to
the tensor components and/or the repulsive core of nuclear
forces have attracted much attention in recent years [31–33].
The SRC will lead to the formation of a high-momentum
tail (HMT) in the single-nucleon momentum distribution. In-
corporating the SRC effects in the extended Thomas-Fermi
model, Ref. [34] shows that proton skins in k space coexist
with neutron skins in r space in heavy nuclei and their cor-
relation is governed by Liouville’s theorem and Heisenberg’s
uncertainty principle. Investigating SRC effects in nuclei, nu-
clear reactions, and neutron stars is a major task in nuclear
physics [35].
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In the present work, the Thomas-Fermi approximation to
the nucleon kinetic-energy density, which incorporates the
SRC effects, was considered in the isospin- and momentum-
dependent Boltzmann-Uehling-Uhlenbeck (IBUU) transport
model. The interplay of effects of neutron skins in r space and
proton skins in k space on hard photons emission in heavy-ion
collisions around Fermi energy was studied.

II. THEORETICAL FRAMEWORK

In this study, we adopt the updated IBUU transport model
which originated from the IBUU04 model [36,37]. The initial
density distributions of nucleons in projectile and target are
obtained from the two-parameter Fermi (2pF) distribution
widely used in the literature, i.e.,

ρJ (r) = ρJ
0 {1 + exp[(r − cJ )/aJ ]}−1, (1)

where cJ and aJ are the half-density radius and diffuseness
parameter, respectively.

With the fact that the momentum distribution of nucleons
has a high momentum tail due to SRCs, the parametrized
nucleon momentum distribution according to Refs. [34,38] is
taken into account in our IBUU model and given as follows:

nJ
k (ρ, δ) =

{
�J , 0 < |k| < kJ

F ,

CJ
(
kJ

F /|k|4), kJ
F < |k| < φJkJ

F ,
(2)

where kJ
F is the Fermi momentum of the nucleon J . The

�J denotes the depletion of the Fermi sea with respect to
the step function for a free Fermi gas. The parameters �J ,
CJ , and φJ depend linearly on the isospin asymmetry δ =
(ρn − ρp)/ρ in a general form of YJ = Y0(1 + Y1τ

J
3 δ), where

τ n
3 = +1 and τ

p
3 = −1 [39–41]. The amplitude CJ and the

high-momentum cutoff coefficient φJ determine the fraction
of nucleons in the HMT via xHMT

J = 3CJ (1 − φ−1
J ). The above

parameters are constrained by the the normalization condition
[2/(2π )3]

∫ ∞
0 nJ

k(ρ, δ)dk = (kJ
F )3/3π2, the equation of state

of pure neutron matter (PNM) from microscopic many-body
theories [42–47] and the systematic analysis of many ex-
periments about the percentage of nucleons in the HMT on
the symmetry nuclear matter (SNM) [38,48,49]. According
to Ref. [34], the HMT-exp parameters sets of xHMT

SNM = 28%,
xHMT

PNM = 4%, which caused C0 = 0.161, C1 = −0.25, φ0 =
2.38, and φ1 = −0.56, were adopted in our study. With this
nucleon momentum distribution, the proton skin was dis-
played in k space, and its thickness grows with the isospin
asymmetry [34]. Effects of the SRC/HMT described above on
nuclear symmetry energy and properties of neutron stars have
been studied extensively. For a review, see, e.g., Ref. [50].

Incorporating the SRC effects in the extended Thomas-
Fermi approximation, the nucleon kinetic-energy density
profile in finite nuclei is modified as [34]

εkin
J (r) = 1

2M

[
α∞

J ρ
5/3
J (r)�J + ηJ

36

[∇ρJ (r)]2

ρJ (r)
+ 1

3
�ρJ (r)

]
.

(3)

The first term with α∞
J = (3/5)(3π2)2/3 is the bulk part as

if nucleons are in infinite nuclear matter, in which �J =
1 + CJ (5φJ + 3/φJ − 8) > 1 is determined by properties of

the HMT. It makes the bulk part of the kinetic-energy den-
sity enhanced more for protons than neutrons in neutron-rich
systems, since relatively more protons are depleted from the
Fermi sea to form a proton skin in the HMT. Here, �p = 2.09
and �n = 1.60 was used for isospin asymmetry δ = 0.21. The
second term originally proposed by Weizsäcker [51] is called
the surface term in this study as it is very sensitive to surface
properties of finite nuclei. Its strength factor ηJ has been under
debate and was found to affect significantly the halo and skin
nature of the surfaces of heavy nuclei [34,52,53]. It can be
constrained using the experimental information of the density
profile and the average kinetic energy 〈Ekin

J 〉 of nucleons. The
third term relating to the Laplacian operator is very small
because of the smooth nuclear surface.

We adopt the same formalism from Ref. [34] for the proton
skin in k space, which is similar to the measure of the neu-
tron skin in r space (�rnp = 〈r2

n〉1/2 − 〈r2
p〉1/2 with 〈r2

n/p〉1/2

the rms radius of neutrons or protons), that is the difference
between the average kinetic energies of protons and neutrons,
i.e., �Ekin

pn ≡ 〈Ekin
p 〉 − 〈Ekin

n 〉 with

〈
Ekin

J

〉 =
∫ ∞

0
εkin

J (r)dr
/∫ ∞

0
ρJ (r)dr ≡ 〈

k2
J

〉/
2M, (4)

In this study, the following isospin- and momentum-
dependent mean field single-nucleon potential is used [54],

U (ρ, δ, p, τ ) = Au(x)
ρτ ′

ρ0
+ Al (x)

ρτ

ρ0

+ B

(
ρ

ρ0

)σ

(1 − xδ2) − 8xτ
B

σ + 1

ρσ−1

ρσ
0

δρτ ′

+2Cτ,τ

ρ0

∫
d3 p′ fτ (r, p′)

1 + (p − p′)2/�2

+2Cτ,τ ′

ρ0

∫
d3 p′ fτ ′ (r, p′)

1 + (p − p′)2/�2
, (5)

where τ = 1/2 (−1/2) for neutrons (protons), δ=(ρn−ρp)/
(ρn + ρp) is the isospin asymmetry, and ρn, ρp denote neutron
and proton densities, respectively. Specifically, the parameters
Au(x), Al (x), B, Cτ,τ , Cτ,τ ′ σ , and � with SRCs are updated
by fitting empirical nature of nuclear matter, for example,
the saturation density ρ0 = 0.16 fm−3, the binding energy
E0 = −16 MeV, the incompressibility K0 = 230 MeV, and the
isoscalar effective mass m∗

s = 0.7m and so on. fτ (r, p) is the
phase-space distribution function at coordinate r and momen-
tum p. Different x parameters can be used to mimic different
forms of the symmetry energy predicted by various many-
body theories without changing any property of the symmetric
nuclear matter and the symmetry energy at normal density.
And for nucleon-nucleon scattering, the isospin-dependent
reduced in-medium nucleon-nucleon cross section is adopted.

Hard photons production in heavy-ion reactions at interme-
diate energy has been studied theoretically and experimentally
in a number of works [22,26,28,55–59]. Although the elemen-
tary cross section for the p + n → p + n + γ process is still
model dependent [24,60–62], the calculations from theoretical
reaction models are able to reasonably reproduce all qualita-
tive features of the hard photon experimental data [55]. In this
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FIG. 1. Input local density (a) and calculated momentum pro-
files (b) for nucleons in 208Pb and for neutrons with neutron skin
thicknesses S = 0.1 fm and S = 0.3 fm. In this case the nucleon
kinetic-energy density of colliding nuclei just includes the bulk part.

work, we adopt the following approach for the probability of
hard photons production based on the neutral scalar σ meson
exchange model by standard quantum field theory [24], in
which more quantum mechanical effects was considered. It
is fitted by an analytical expression:

d2 pγ

d�dEγ

= 1.671×10−7 (1 − y2)α

y
, (6)

where y = Eγ /Emax, α = 0.7319 − 0.5898βi, Eγ is energy
of emitted photon, Emax is the total energy available in the
proton-neutron c.m. system, βi is the nucleon initial velocity.
In the program, the effects of Pauli blocking in final state at the
p + n → p + n + γ process are also taken into account [26].
The emissions of photons here are assumed to be isotropic in
the proton-neutron c.m. frame, therefore one obtains the single
differential elementary probability of the photon by averaging
the solid angle over 4π , i.e.,

pγ = dN

dEγ

= 2.1×10−6 (1 − y2)α

y
. (7)

III. RESULTS AND DISCUSSIONS

As a comparison, we calculate the initial density distribu-
tion of nucleons in colliding nuclei from the Skyrme-Hartree-
Fork calculations with the Skyrme M∗ parameter set [63] used
in the IBUU model before. And the parametrized nucleon
momentum distribution which includes the HMT mentioned
above has been adopted. Shown in Fig. 1 is the nucleons’
average local density (a) and momentum (b) as a function
of radius r in 208Pb. The solid line represents protons. The
dashed line and dash dotted line are for neutrons with neutron
skin thicknesses S = 0.1 fm and S = 0.3 fm, respectively.
The momentum profiles in Fig. 1(b) are calculated from
Eq. (4) in which the nucleon kinetic-energy density just in-
cludes the bulk part. We can see that neutrons have higher
local momenta due to their higher densities than protons in
the entire radius area of 208Pb. However, the protons have
higher local momenta than neutrons in the surface area as
shown in Fig. 2(b), when adopting the extended Thomas-
Fermi approximation in the nucleon kinetic-energy density
in which the SRC effects also were incorporated. The rea-

FIG. 2. Same with Fig. 1, but considering the surface term in the
nucleon kinetic-energy density of colliding nuclei.

son is that protons have larger values of the Weizsäcker
surface term (∇ρJ/ρJ )2. To evaluate the surface term, we
adopt here the specified nucleon’s density profile Eq. (1)
by adjusting the diffuseness parameter of neutron density to
obtain different neutron skin thicknesses for 208Pb as shown
in Fig. 2(a), in which the profile and numerical value are
almost the same with that shown in Fig. 1(a). Therefore,
according to Eq. (3), we have approximately in the surface
area kp/n(r) ≈ 1/(72M )(∇ρp/n/ρp/n)2 ≈ 1/(72Ma2

p/n), lead-
ing to kloc

p (r) > kloc
n (r) since the protons’ surface diffuseness

ap is normally much less than the an for neutrons in heavy
nuclei. From Figs. 2(a) and 2(b), more interestingly, we can
see that the coexistence of a proton skin in k space and a
neutron skin in r space reappeared as shown in Ref. [34]. In
the current extended Thomas-Fermi approximation, the SRC
effects were mainly included in the first term of the nucleon
kinetic-energy density. It makes the local momenta of protons
increase slightly even closer to that of neutrons in the interior
area of the nucleus.

In order to avoid the hadronic probes, interacteractions
with the nuclear medium that hinder the clean determination
of neutron skin, hard photons, which are a promising probe for
neutron skin, are studied. Figure 3 shows effects of proton skin
in k space and neutron skin in r space on the time evolutions
of hard photons with energies of Eγ = 100, 150, 200, and
250 MeV, respectively, in peripheral collisions 208Pb + 208Pb
at Eb = 45 MeV/nucleon with impact parameter b = 11 fm.
It also shows that the photon production with the thicker
neutron skin is less than that with the thinner neutron skin
especially for those of higher energy photons. This is because
the larger neutron densities inside the thicker neutron skin
get less photon emission through incoherent proton-neutron
bremsstrahlung p + n → p + n + γ processes in the periph-
eral collisions of 208Pb + 208Pb, especially for emitting higher
energy photons. However, effects of proton skin in k space
on the hard photon emission are more pronounced than that
of the neutron skin in r space. We can see that it gets more
emissions of hard photons when considering the proton skin
effect (mainly caused by the surface term in the nucleon
kinetic-energy density) than without considering it except in
the hard photon energy Eγ = 250 MeV. The surface term
induces larger local momentum for the proton than that for
the neutron in the surface area of the nucleus, which will
increase the emission probability of hard photons through
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FIG. 3. Effects of the neutron skin in r space and proton skin in k space on multiplicity of hard photons with energies of Eγ = 100, 150,

200, and 250 MeV, respectively, in peripheral collisions 208Pb + 208Pb at a beam energy of 45 MeV/nucleon.

p + n → p + n + γ processes. The hard photon with energy
Eγ = 250 MeV may originate from a multiple scattering of
nucleons below Fermi momentum rather than from collisions
of nucleons at HMT. It is not affected by the surface terms of
the nucleon kinetic-energy density in which the short-range
correlations are included.

Shown in Fig. 4 are angular distributions of the sin-
gle differential probability of hard photons with energies of
Eγ = 100, 150, 200, and 250 MeV, respectively, in the c.m.

frame of the colliding nuclei. We can see that the peak around
θ = 90◦ for the angular distribution of hard photons is repro-
duced as shown in Ref. [64]. Here, effects of the neutron skin
in r space and proton skin in k space on the angular distri-
bution of hard photons in peripheral collisions 208Pb + 208Pb
at a beam energy of 45 MeV/nucleon are compared. With an
increasing of hard photon energies, the effect of the neutron
skin on the production of hard photons increases. Apparently,
the thinner neutron skin creates more collision opportunities

FIG. 4. Effects of the neutron skin in r space and proton skin in k space on the angular distributions of photons with energies of Eγ = 100,

150, 200, and 250 MeV in the c.m. frame of the colliding nuclei from peripheral 208Pb + 208Pb collisions at Eb = 45 MeV/nucleon.
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FIG. 5. Effects of the neutron skin in r space and proton skin in k space on the cross section of hard photons with energies of Eγ = 150
and 200 MeV in the c.m. frame of the colliding nuclei from peripheral 208Pb + 208Pb collisions at Eb = 45 MeV/nucleon.

for neutrons and protons from p + n → p + n + γ processes
in the peripheral collisions, which will make more energetic
hard photons. Moreover, the effect of the neutron skin on the
emission of hard photons becomes larger when considering
the proton skin in k space. This is because the increasing local
momentum of protons near the surface of the nucleus creates
more colliding for protons with neutrons with neutron skin of
S = 0.3 fm compared with neutron skin of S = 0.1 fm in the
heavy-ion reactions. As obtained in Fig. 3, effects of proton
skin in k space on the angular distribution of hard photons
are also more pronounced than those of the neutron skin in r
space. Thus, it will strongly interfere with the determination
of the size of the neutron skin.

To provide more basis for experimentalists measuring hard
photons better, the distributions of cross sections for hard
photon production with polar angular in the c.m. frame of the
colliding nuclei are shown in Fig. 5. The same as before, the
cross section of hard photons with energies 150 and 200 MeV
in 208Pb + 208Pb at a beam energy of Eb = 45 MeV/nucleon
with different neutron skins in r space and with or without

proton skins in k space are compared. From Figs. 5(a) and
5(b), we can see that effects of the proton skin in k space
on the cross section of hard photons are larger than that of
the neutron skin in r space. More quantitatively, the effect of
proton skin on the cross section of hard photons at Eγ = 150
MeV is about 3 times that of the neutron skin, and 1.25 times
at Eγ = 200 MeV at θ = 90◦. The effect of the proton skin on
the cross section of hard photons at Eγ = 200 MeV becomes
smaller on account of the part of the hard photons with higher
energy coming from multiple scattering of nucleons below
Fermi momentum which are not affected by the surface term
of the nucleon energy density.

Figure 6(a) describes the transverse momentum distribu-
tions of the hard photons spectra, dN/pt d pt versus pt (pt =√

p2
x + p2

y) in the midrapidity region of −0.4 � y0 � 0.4
(y0 = y/ybeam is the ratio of particle rapidity y over beam
rapidity ybeam in the c.m. frame of colliding nuclei), for periph-
eral collisions of 208Pb + 208Pb at a beam energy of Eb = 45
MeV/nucleon with different neutron skins in r space and with
or without proton skins in k space. It is seen that the spectra

FIG. 6. Effects of the neutron skin in r space and proton skin in k space on the transverse momentum dependence of hard photons (a) and
ratios of each transverse momentum spectrum of hard photons and average value of the transverse momentum spectra for four cases (b) in the
midrapidity region of −0.4 � y0 � 0.4 in peripheral 208Pb + 208Pb collisions at Eb = 45 MeV/nucleon.
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show typical exponential shapes considering different neutron
skins and proton skins. Interestingly, when considering the
proton skin in k space, effects of the different neutron skins
on the transverse momentum spectrum are more obvious com-
pared to without considering it especially at high transverse
momentum. This is the same with the conclusion shown in
Figs. 3 and 4. To evaluate the specific effects of both neutron
skin in r space and proton skin in k space on the transverse
momentum spectrum of hard photons, shown in Fig. 6(b) are
the ratios of each transverse momentum spectrum of hard
photons in Fig. 6(a) over the average value of the transverse
momentum spectra for four cases. We can clearly see that
the effect of neutron skin on the above ratio of transverse
momentum spectra of hard photons becomes larger with the
increase of the transverse momentum. Moreover, from the
mentioned ratios of transverse momentum spectra of hard
photons for different neutron skins and proton skins, we found
that it is more sensitive to the proton skin in k space than to
the neutron skin in r space. Thus, the effect of proton skins in
k space is not a negligible factor, when determining the size
of neutron skin by the emission of hard photons. Interestingly,
the effect of proton skin on the ratio of transverse momentum
spectra of hard photons is more obvious than that on the
angular distributions of hard photons, making the former a
promising observable for investigating the surface properties
of the nucleus.

IV. SUMMARY AND OUTLOOK

Motivated by the new efforts in better understanding
and/or measuring the neutron skin thickness of nuclei, as
well as the strong interests of some experimental groups to
measure hard photons [65–67], we studied the interplay of
the effects of neutron skins in coordinate space and proton
skins in momentum space on hard photons emission in the
neutron-rich reaction 208Pb + 208Pb around Fermi energy. In
this work, we adopt the extended Thomas-Fermi approxima-
tion for the nucleon kinetic-energy density, in which the SRC
effects were incorporated, in the IBUU transport model. Here,
the coexistence phenomenon of the proton skins in k space
and the neutron skin in r space exists as shown in Ref. [34]. It
is found that the hard photon production with thinner neutron
skin (S = 0.1 fm) is larger than that with thicker neutron skin
(S = 0.1 fm) in peripheral collisions especially for those of
higher energy photons. With an increasing of the hard photon
energies, the effect of neutron skins on the emission of the
hard photons increases. Therefore, the production of hard
photons from peripheral heavy-ion collisions is a good probe
to investigate the size of neutron skin with its characteristics

unaltered by final state interactions. Moreover, it is noticed
that the effect of neutron skin in r space on the emission of
hard photons becomes larger when considering the surface
term in the kinetic energy density, leading to the appearance
of a proton skin in k space. It reminds us to consider effects
of proton skins when determining the size of neutron skins by
the production of hard photons. In addition, the angular distri-
butions of the single differential probability and the transverse
momentum spectrum for hard photons in peripheral collisions
of 208Pb + 208Pb at a beam energy 45 MeV/nucleon were
studied in this work. It will provide a basis for the ongoing
and planned experiments using hard photons to explore the
initial stage in intermediate energy heavy-ion collisions.

To this end, it is necessary to emphasize that our work
presented here has caveats and more work is necessary to
address them properly. There are actually many other parame-
ters/aspects besides the neutron skin in coordinate and proton
skin in momentum in the initial state of the projectile and tar-
get in transport model simulations of their collisions, such as
the size, shape, and isospin dependence of the SRC/HMT; the
momentum and density dependence of the symmetry potential
and the associated neutron-proton effective mass splitting; as
well as the in-medium NN collision cross sections, which
may impact the hard photon observable. While our present
and previous works as well as those by others have studied
individually some of the uncertainties associated with these
physics ingredients, there are some systematic uncertainties in
our model predictions that we cannot presently address prop-
erly. Nevertheless, we do plan to carry out a comprehensive
analysis to access the uncertainties and correlations of the
major uncertain variables/aspects involved in transport model
simulations of hard photon production in intermediate energy
heavy-ion collisions. For this purpose, a covariance analysis
similar to the work in Ref. [68] or a Bayesian inference once
enough relevant experimental data become available similar
to the work in Ref. [69] may be useful.
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E 13, 343 (2004).

[7] C. J. Horowitz, K. S. Kumar, and R. Michaels, Eur. Phys. J. A
50, 48 (2014).

[8] S. Abrahamyan et al. (PREX Collaboration), Phys. Rev. Lett.
108, 112502 (2012).

[9] D. Adhikari et al. (PREX Collaboration), Phys. Rev. Lett. 126,
172502 (2021).

[10] L. W. Chen, C. M. Ko, and B. A. Li, and J. Xu, Phys. Rev. C 82,
024321 (2010).

[11] P.-G. Reinhard, X. Roca-Maza, and W. Nazarewicz, Phys. Rev.
Lett. 127, 232501 (2021).

[12] B. S. Hu, W. G. Jiang, T. Miyagi et al., Nat. Phys. 18, 1196
(2022).

[13] P. Danielewicz, Nucl. Phys. A 727, 233 (2003).
[14] J. Zenihiro, H. Sakaguchi, T. Murakami et al., Phys. Rev. C 82,

044611 (2010).
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