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Abstract
We investigate the effects of temperature on the structural evolution and clustering in the hypernucleus, taking 21

Λ
 Ne as an 

example, in the framework of deformed finite-temperature Skyrme–Hartree–Fock. The SkI4 Skyrme force is employed for 
nucleon–nucleon interaction, while the NSC97f force is used for the hyperon–nucleon interaction. It is found that the system 
exhibits a strongly deformed ground state with pronounced �-cluster correlations and localized density distributions at low 
temperatures. As temperature increases, nuclear deformation weakens, the nuclear density spreads over the surface, and 
clustering gradually diminishes and vanishes entirely at T ≈ 2.8 MeV . This is because that the thermal excitations lower the 
Fermi surface and enhance single-particle level splitting. In particular, owing to the lower excitation threshold of hyperons in 
the hypernuclear system, the hyperon radii exhibit a stronger temperature dependence than the nucleons. We further analyze 
the temperature-dependent changes in deformation, single-Λ binding energy, and entropy, providing new insights into the 
thermal evolution of the hypernuclear structure.

Keywords  Finite temperature · Cluster structure · Hypernucleus · Skyrme–Hartree–Fock

1  Introduction

Hypernuclei are nuclear many-body systems that contain one 
or more bound hyperons within ordinary nuclei. Since the 
experimental discovery of the first hypernucleus in 1952 [1], 
different types of hyperons, such as Λ , Σ+,0,− , and Ξ0,− , have 
been identified. Unlike nucleons, a hyperon is not subject to 
the Pauli exclusion principle within the nucleus, allowing 
it to penetrate deeply into the center of a nuclear core. This 
unique property enables a hyperon to serve as a valuable 
probe for investigating nuclear properties that are otherwise 
inaccessible through conventional methods. The addition of 

a hyperon to the nucleus as an impurity has been shown 
to have significant effects on various aspects, including the 
modification of deformation [2–4], size [5, 6], and drip lines 
[7, 8]. Hypernuclei also provide an essential platform for 
testing hyperon–nucleon (YN) and hyperon–hyperon (YY) 
interactions, which are crucial for understanding the proper-
ties of multi-strange systems and their astrophysical applica-
tions [9–12].

Hyperons are believed to be abundantly present in the 
dense inner regions of neutron stars, where extreme tempera-
ture and density conditions prevail [13–15]. Experimentally, 
hyperons and hypernuclei are typically produced through 
high-energy beam collisions. Relativistic heavy ion colli-
sions offer a distinctive methodology for generating hyper-
nuclei and investigating nuclear matter under severe condi-
tions characterized by elevated temperatures and densities. 
These processes facilitate the production of hypernuclei 
across a spectrum of sizes and isospin compositions, as the 
hyperons synthesized in these reactions are subsequently 
captured by either nucleons or nuclear fragments [16–18]. 
Recent experimental collaborations, including STAR [19, 
20], ALICE [21, 22], and HypHI [23], have provided sig-
nificant insights into hypernuclear production mechanisms, 
with additional measurements planned. Furthermore, experi-
mental facilities such as PANDA [24], CBM [25], WASA@
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Super-FRS at FAIR [26], BM@N, MPD at NICA [27], and 
HFRS at HIAF [28] aim to further explore hypernuclear 
properties through relativistic particle-induced reactions 
[29]. Temperature plays a crucial role in the production of 
hypernuclei, as the short-lived nature of hypernuclei makes 
their formation highly temperature-dependent [30, 31]. 
Understanding the effects of temperature on hypernuclear 
properties is essential not only for interpreting experimen-
tal results but also for gaining insights into the behavior of 
hot nuclear matter, which has implications for astrophysical 
environments such as supernovae and neutron star mergers 
[32–35].

In recent years, several studies have investigated 
the properties of hypernuclei under finite-temperature 
conditions. For example, a study based on the relativistic 
Thomas–Fermi approach demonstrated that as the 
temperature increases, the radii of Λ hyperons expand more 
rapidly than those of nucleons, because it is easier to excite 
a small number of hyperons than to excite a large number 
of nucleons [36]. Furthermore, the finite-temperature 
Hartree–Fock–Bogoliubov (FT-HFB) framework has been 
applied to investigate the interplay between temperature 
and pairing correlations in multi-Λ hypernuclei, such as 
Ca, Sn, and Pb. The results reveal a critical temperature in 
agreement with the BCS prediction, as well as the emergence 
of a pairing re-entrance phenomenon in the 280

70Λ
 Pb hyperon 

drip-line hypernucleus [37].
The aforementioned studies have highlighted the impact 

of temperature on the hypernuclear structure, including 
modifications to the nuclear density distributions, which 
may influence nucleon localization and clustering behavior. 
For instance, clustering in nuclear matter is generally 
expected to occur under low-density and low-temperature 
conditions. Previous studies have focused primarily on the 
temperature effects on the clustering of nucleons in nuclear 
matter [38–42] and finite nuclei [43, 44]. Additionally, 
several investigations using both relativistic and non-
relativistic nuclear energy density functionals have been 
conducted to understand the nuclear properties when the 
temperature increases [45–48]. While clustering in light 
nuclei at zero and finite temperatures has been extensively 
investigated, the effects of temperature on the localization 
and clustering in hypernuclei remain unknown. The presence 
of a hyperon introduces additional degrees of freedom 
and modifies nucleonic correlations, potentially affecting 
the formation and dissolution of clusters during thermal 
excitation. Gaining insight into these effects is important 
for a more comprehensive understanding of hypernuclear 
matter, particularly under thermal conditions relevant to 
astrophysical environments.

Over the past few decades, the Skyrme–Hartree–Fock 
(SHF) model has been widely and successfully applied to 
investigate normal nuclear structures (see, for example, 

Refs. [49–51]) and has also been extended to hypernuclear 
systems [52–59]. The clustering phenomenon in light stable 
and exotic nuclei has been explored within the SHF approach 
in Refs. [60–63].

This study aims to investigate the effects of temperature 
on the localization and clustering features of hypernuclei 
using the finite-temperature SHF model, offering new 
insights into their structure and interactions under extreme 
conditions. 20 Ne is a well-known nucleus characterized by 
a strong intrinsic quadrupole deformation and pronounced 
localization in its intrinsic densities [64–67]. To investigate 
the effect of temperature on clustering in hypernuclei, we 
selected 20 Ne as the core nucleus.

The remainder of this paper is organized as follows. 
In Sect. 2, the formalism of the finite-temperature SHF 
approach is introduced. The numerical details are presented 
in Sect. 3. In Sect. 4, we discuss the results of the binding 
energy, mean-field potentials, and density distributions in 
detail. Finally, a summary is given in Sect. 5.

2 � Theoretical framework

Our calculations were performed using the self-consistent 
SHF model, which was extended to the theoretical 
description of hypernuclei in Refs. [54, 55, 68–70]. In this 
approach, the total energy of a hypernucleus can be written 
as [50]

Here, � is an energy density functional contributed by 
nucleons �N and hyperon �

Λ
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In the extension of the SHF model to the finite-tempera-
ture case, one merely replaces the occupation factor v2

k
 by a 

thermal Fermi distribution [71, 72]

at a given temperature T, where kB is the Boltzmann 
constant.

The energy density functional �N represents the 
conventional nucleon–nucleon interaction [49]. The 
corresponding single-particle potential for neutrons or 
protons, VN , can be expressed as:

where VSHF
N

 arises from the Skyrme-type NN interaction 
[73], and V (Λ)

N
 denotes the additional contribution from 

ΛN interaction. The �
Λ

 is the hyperon–nucleon part and 
parameterized as (densities � given in units of fm−3 , energy 
density � in MeV ⋅ fm−3 ) [74, 75]:

and together with Λ effective mass m∗

Λ

the parameters �i in Eq. (6) and �i in Eq. (7) were obtained 
by performing Brueckner–Hartree–Fock calculations on 
hypernuclear bulk matter with the Nijmegen potential 
NSC97f [53].

Correspondingly, one obtains the SHF mean fields

Through the variation of the total energy in Eq. (1), one 
derives the SHF Schrödinger equation for both nucleons and 
Λ hyperon,
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In the above formula, Wq(r) is the spin–orbit interaction part 
for nucleons, as given in Refs. [49, 50]. The Vq(r) is the 
central part and is corrected by the effective mass term in 
Eq. (7).

By solving the Schrödinger equation, we can obtain 
the wave functions �k

q
 and single-particle energies ek

q
 for 

the different single-particle levels k and species q. The 
standard nucleonic Skyrme force SkI4 [76] is applied in 
this study, but the results of the hyperonic observable are 
not sensitive to the choice of nucleonic force parameters 
[77].

Because the candidate core nuclei in this study are 
deformed, it is necessary to use the deformed SHF 
calculation. In the current work, axial symmetry is assumed 
for the SHF deformed potentials, and the Schrödinger 
equation is solved in cylindrical coordinates (r, z) [49, 50, 
73]. The geometric quadrupole deformation parameter of the 
nuclear core is calculated as

In the calculations, the quadrupole deformation �2 spans 
the [−0.2, 0.8] interval with steps of 0.02 to generate the 
potential energy surfaces.

In a nucleus or hypernucleus, the free energy is calculated 
by

where E(�2, T) is the total energy of the system for a given 
deformation parameter �2 and temperature T. S(�2, T) is the 
entropy and defined as [45]

where fk is given by Eq. (4).
The relevant finite-temperature properties can be 

calculated from the lowest state on the free energy surface, 
characterized by a quadrupole deformation �∗

2
 at a given 

temperature T. P(�2, T) is a mathematical expression for the 
probability that a system in equilibrium obtains a deformed 
configuration with a quadrupole parameter �2 at finite 
temperature [78].
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In the theoretical modeling of nuclei and hypernuclei 
at finite temperatures, both statistical and quantum 
fluctuations must be considered. Quantum fluctuations 
are particularly significant for light nuclei and at low 
temperatures ( T < 1 MeV ), but play a minor role for 
nuclei with a sharp minimum in their free energy surface 
[79, 80]. In mesoscopic systems, such as finite nuclei and 
hypernuclei, statistical fluctuations around the minimum free 
energy are expected to make a notable contribution at finite 
temperatures. Therefore, in this study, we focused solely 
on statistical fluctuations in our calculations. To account 
for these effects, the thermal average of an observable Ō 
is obtained by mixing the expectation values O(�2, T) at 
various deformations �2 using the ensemble average [43, 81]:

3 � Numerical details

In this study, the properties of hot Λ hypernucleus 21
Λ

 Ne are 
investigated within the framework of the finite-temperature 
SHF model. For the nucleon–nucleon (NN) interaction, the 
Skyrme force SkI4 is employed, which provides an excellent 

(16)Ō =

∫ d𝛽2O
(
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)

exp
(
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(
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)
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)

∫ d𝛽2 exp
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−ΔF
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𝛽2, T
)

∕T
) .

overall fit to the ground-state properties of nuclei ranging 
from 16 O to 208Pb, as well as the isotope shifts in Ca and 
Pb isotopes [76]. For the hyperon–nucleon YN interaction, 
microscopic Nijmegen interaction NSC97f [53] is employed, 
which is derived from Brueckner–Hartree–Fock (BHF) cal-
culations  of hypernuclear matter. It was successfully applied 
to calculate the ground-state properties of single- and multi-
Λ hypernuclei [55, 63].

Pairing effects are often considered to play an important 
role in some nuclear phenomena. To quantify the effect of 
pairing correlations on the density distribution, we per-
formed additional calculations for 21

Λ
 Ne at T = 0 MeV using 

a density-dependent � pairing interaction in the BCS approx-
imation. The interaction strength for nucleons was taken as 
V
(N)

0
= 0 , 300, 600, and 900 MeV ⋅ fm3 , respectively. Fig-

ure 1 demonstrates that the nuclear density distributions of 
21
Λ

 Ne exhibit negligible variations ( Δ𝜌∕𝜌max < 0.2% ) across 
all pairing strengths. Moreover, from a theoretical perspec-
tive, the omission of pairing correlations is supported by 
two considerations. First, the ground state of 20 Ne features 
a relatively large single-particle energy gap near the Fermi 
surface, which suppresses the pairing correlations at zero 
temperature. Second, at finite temperature, thermal excita-
tions weaken pairing correlations, leading to the collapse 
of the pairing gap beyond a critical temperature of approxi-
mately kT ∼ 0.7 MeV [82, 83]. These observations suggest 

Fig. 1   (Color online) The 
neutron density distributions for 
21
Λ

 Ne at zero temperature with 
varying pairing strengths. The 
four panels correspond to pair-
ing strengths of 0, 300, 600, and 
900 MeV ⋅ fm3 , respectively
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that the pairing effects are negligible within the temperature 
regime of interest. Therefore, it is justifiable to exclude pair-
ing correlations in this study, as it simplifies the calculations 
while allowing us to focus on the temperature effects on the 
clustering behavior.

4 � Results and discussion

Figure 2 presents the free energy surfaces and probability 
factors as functions of deformation at finite temperatures. 
The probability factor, as defined by Eq. (15), is determined 
by the free energy and temperature with exp[−ΔF(�2, T)∕T].

At T = 0.1 MeV , the free energy surface exhibits a well-
defined minimum around �2 = 0.60 , corresponding to a 
probability factor of 1. This indicates a stable configuration 
characterized by a robust quadrupole deformation and 
well-defined clustering.

As the temperature increases from 0.1 to 2.8 MeV, 
thermal excitations enhance the probability of populating 

a wider range of deformed states, reducing the dominance 
of the �2 ≈ 0.6 minimum. Concurrently, the free energy 
surface flattens, leading to an increase in the contribution 
of other states to the thermal average of observables, as 
evidenced by the changes in the probability factors. This 
behavior reflects the gradual weakening of the spatial 
localization and clustering in 21

Λ
Ne.

As the temperature increases, the hypernuclear system 
gradually reduces its tendency for strong quadrupole 
deformation, which is observed at lower temperatures. 
The nuclear shape transitions to a more symmetric 
configuration, resulting in the dissolution of the clustering 
structures. This highlights the strong thermal sensitivity 
of clusters.

To analyze the effect of thermal shape fluctuations at 
a finite temperature, we evaluate the thermal average of 
the quadrupole deformation parameter using Eq. (16), as 
shown in Fig. 3. As expected, once thermal fluctuations are 
included, the sharp shape phase transition is smoothed out, 
and the decrease in �2 becomes more gradual with increas-
ing temperature. Although the average deformation remains 
small, it does not vanish even at T = 3.0 MeV, indicating that 
thermal fluctuations effectively wash out abrupt structural 
transitions.

We further studied the changes in the localization 
properties and behavior of the � clusters in 21

Λ
 Ne with 

increasing temperature. Figure  4 presents the density 
distributions of the Λ hyperon (left panels) and neutrons 
(middle panels) in 21

Λ
 Ne at different temperatures. Both 

hyperon and neutron density distributions show reduced 

Fig. 2   (Color online) Relative free energies ΔF(�2,T) (lower panel) 
and the corresponding probability factors exp

[

−ΔF
(

�2,T
)

∕T
]

 (upper 
panel) as functions of quadrupole deformation parameter �2 at finite 
temperatures T = 0.1 , 0.5, 1.0, 1.5, 2.0, 2.25, 2.5, and 2.8 MeV for 21

Λ

Ne

Fig. 3   (Color online) The evolution of the quadrupole deformation 
parameter �2 with temperature. The most probable values (circles) 
correspond to the deformation at the free energy minimum, while the 
thermal average values (squares) are calculated using the constrained 
FT-SHF results at finite temperatures according to Eq. (16)
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Fig. 4   (Color online) The 
density distributions of hyperon 
(left panels) and neutron 
(middle panels) as well as the 
neutron localization function 
(right panels) for 21

Λ
 Ne at finite 

temperatures T = 0.1 , 0.5, 1.0, 
1.5, 2.0, 2.5, and 2.8 MeV, 
respectively
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deformation with increasing temperature, transitioning 
from prolate at T = 0.1 MeV to spherical at T = 2.8 MeV . 
The reduction in deformation primarily results from the 
depopulation of deformation-driven states and the vanishing 
of shell effects at elevated temperatures [84]. It should be 
emphasized that the results presented in Fig. 4 are obtained 
from the configurations corresponding to the free energy 
minima at each temperature. Consequently, thermal shape 
fluctuations were not explicitly incorporated into these 
plots. This approach allows for a clearer visualization of 
the intrinsic clustering features and the gradual reduction 
of deformation with increasing temperature. In contrast, 
performing thermal averaging over deformed configurations 
obscures fine structural details, complicating the analysis of 
temperature-induced modifications to the cluster structure, 
which is the primary focus of this section.

The deformation of both nuclei and hypernuclei is gener-
ally determined by the single-particle energy levels occupied 
by nucleons that are close to the Fermi surface. The energy 
density functional method provides an understanding of 
this phenomenon by utilizing nucleon density distributions. 
However, the nucleon density distribution is the result of the 
accumulation of all occupied single-particle energy levels; 
thus, it loses a signiticanty amount of  detailed information.

In this study, we employed the localization function, 
which incorporates contributions from the kinetic 
energy, density, and current density, to provide a more 
comprehensive analysis of the nuclear localization structure 
[6, 85, 86]. It can be written as the probability of finding the 
second particle located within a shell of small radius around 
the assumed particle at r with the same spin � ( ↑ and ↓ ) and 
isospin q ( = n , p, or Λ ) [60], and is given by

where the kinetic energy density �q� , particle density �q� , 
and current density jq� are given by Eq. (3). The localization 
function Cq�(r) provides a dimensionless and normalized 
measure of nucleon localization. For light N = Z even-even 
nuclei, the localization distributions of protons ( Cp ) and 
neutrons ( Cn ), as well as spin-up ( C↑ ) and spin-down ( C↓ ) 
states, exhibit considerable similarity owing to the small 
Coulomb interaction and fully occupied single-particle 
energy levels [60]. Consequently, a single  parameter, ( Cn↑ ), 
adequately describes all previously mentioned parameters 
including ( Cp↑ ), ( Cp↓ ), ( Cn↑ ), and ( Cn↓).

Owing to the above convenience, the current study 
utilizes the localization distribution of spin-up neutrons 

(17)
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( Cn↑ ) as the nucleon localization distribution C to investigate 
the structure of localized clusters in 21

Λ
Ne. The neutron 

localization function of 21
Λ

 Ne is displayed in the right 
panel of Fig. 4 at various temperatures. When the nucleon 
localization is close to 1, �-like clusters (a pure overlap of 
four nucleon wave functions) are expected because of spin 
and isospin degeneracy. Compared to the density profiles, 
the localization function typically displays a larger spatial 
extension because of the kinetic term included in the 
calculation.

At low temperatures, the localization function predicts 
highly localized regions at the outer ends, and the � 
clusters are clearly visible for 21

Λ
Ne. The localization feature 

is also obtained around the center, which is associated 
with 12 C. Therefore, this pattern is interpreted as �-12C-� 
quasimolecular configuration [87]. The cluster structures 
remain robust up to T = 1.0 MeV . Beyond this temperature, 
thermal excitations induce nucleon delocalization, resulting 
in the gradual suppression of clustering signatures. As the 
temperature increased further, enhanced thermal fluctuations 
led to the progressive dissolution of the cluster structures. 
Ultimately, the clustering effects vanish before the nucleus 
undergoes a shape phase transition at T = 2.8 MeV . These 
findings are in agreement with the results obtained from 
the total intrinsic density distributions shown in the middle 
panels of Fig. 4, providing further insights into the thermal 
evolution of nuclear clustering phenomena.

As the temperature increases, the clustering in 
hypernuclei gradually weakens and eventually disappears. 
This phenomenon is closely linked to the thermal evolution 
of single-particle energy levels. To investigate these thermal 
effects, Fig. 5 presents the Nilsson single-particle level 
diagram for neutrons.

First of all, Fig. 5 shows that as the temperature increases, 
the Fermi surface shifts downward. This shift occurs because 
thermal excitation promotes more nucleons to higher-
energy states, and to conserve the total particle number, the 
Fermi level must decrease to compensate for the increased 
occupation of high-energy levels. The Fermi–Dirac 
distribution further modifies the occupation probabilities 
near the Fermi surface.

Second, in deformed nuclei, the 1d5∕2 orbit is split into 
multiple energy states owing to the combined effects of 
the deformation potential and spin–orbit interaction. As 
the temperature increases, nucleons become increasingly 
excited to  higher angular momentum orbitals, leading to 
an enhancement of the spin–orbit coupling. This, in turn, 
amplifies the energy separation between split states. The 
effect is particularly evident in the pronounced energy 
gap between the [202 5/2] and [211 1/2] orbitals at small 
deformations.

To further investigate the temperature-dependent behav-
ior of the hyperon, we analyzed its Nilsson single-particle 
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energy levels in comparison with neutron orbitals. As illus-
trated in Fig. 6, the temperature evolution of the hyperon 
single-particle energy levels closely resembles that of the 
neutron single-particle energy levels.

At low temperatures, the Λ hyperon exclusively occupies 
the 1s1∕2 orbit, resulting in the Fermi surface coinciding with 
this orbit. As the temperature increases, the Fermi surface 
gradually shifts downward relative to the 1s1∕2 orbit, and the 
splitting of the 1p3∕2 orbit becomes enhanced, particularly at 
large quadrupole deformations. The occupancy probabilities 
of the hyperon orbitals undergo marked redistribution, 
indicating that thermal excitation increases the probability 
of hyperons occupying higher-energy states.

The observations of the downward shift of the Fermi 
energy and enhanced orbital splitting in both neutron and 
hyperon single-particle energy levels suggest a universal 
response of single-particle dynamics to thermal excitations 
in deformed nuclei.

The properties of the single-Λ hypernucleus 21
Λ

 Ne at 
different temperatures are listed in Table 1. The root-mean-
square (rms) radii of protons and neutrons exhibit small 

variations with increasing temperature, remaining within 
the ranges of 2.87–2.89 fm and 2.90–2.92 fm, respectively. 
In contrast, the rms radius of the Λ hyperon increases 
from 2.52 fm to 2.62 fm over the same temperature range. 
This indicates that the nucleon distribution is relatively 
insensitive to temperature changes compared to the hyperon, 
because it is much easier to be influenced by the temperature 
for a single-Λ hyperon than for a large nucleus composed of 
many protons and neutrons whose center densities are less 
sensitive to temperature. This trend is consistent with the 
findings of Ref. [36].

At low temperatures ( T ≤ 1.0 MeV ), nucleons are 
thermally excited from low-energy levels to high-energy 
orbitals near the Fermi surface, where they are more 
sensitive to the nuclear deformation potentials. This resulted 
in a slight increase in the overall deformation.

However, as the temperature exceeded 1.0 MeV, the 
deformation gradually decreased and eventually vanished at 
2.8 MeV. This trend arises because higher temperatures lead 
to increased nucleon excitations from lower-energy states 
to higher-energy states, causing the nucleon distribution 

Fig. 5   (Color online) The neutron Nilsson single-particle level diagram (solid lines) as functions of quadrupole deformation �2 at finite tempera-
tures T = 0.1 , 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, and 2.8 MeV. The Fermi surface is indicated by the dotted curves
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to become more uniform. Consequently, the Fermi surface 
smears, shell effects weaken, and deformation diminishes as 
the temperature increases.

Moreover, the single-Λ binding energy B
Λ
 is a key observ-

able characterizing hypernuclear stability, which is defined 
as the difference between the hypernucleus and the core 
nucleus without a hyperon. B

Λ
 decreases monotonically with 

temperature, with the rate of decrease accelerating above 
T > 2.0 MeV . This behavior originates from the reduction of 
the hyperon potential with increasing temperature, leading 

to a decrease in the binding energy at higher temperatures. 
Simultaneously, the entropy S of the hypernuclear system 
increases with temperature, directly reflecting the enhanced 
thermal excitation of this system. As more particles tran-
sition from low-energy to high-energy states, the resulting 
broadening of the nucleon and hyperon wave functions leads 
to increased disorder in the quantum many-body system. In 
addition to the global quantities, the Λ hyperon occupation 
probabilities v2 with temperature provide valuable micro-
scopic insight into the thermal response of the hypernuclear 

Fig. 6   (Color online) Same as Fig. 5, but for Λ hyperon

Table 1   For a given temperature 
T, calculated root-mean-
squared radii ⟨rq⟩ ( q = n , p, and 
Λ ), quadrupole deformation 
parameters �

2q , single-Λ 
binding energy B

Λ
 , entropy S, 

and occupation probabilities v2 
of the Λ hyperon in the 1s, 1p 
states in 21

Λ
Ne

T ⟨r
n
⟩ ⟨r

p
⟩ ⟨r

Λ
⟩ �

2n
�
2p

�
2Λ

B
Λ

S  v2

(MeV) (fm) (fm) (fm) (MeV) [000 1∕2] [110 1∕2] [101 1∕2,3∕2]

0.0 2.88 2.90 2.52 0.45 0.61 0.23 16.00 0.00 0.50 0.00 0.00
0.5 2.89 2.91 2.53 0.46 0.63 0.25 15.98 2.44 0.50 0.00 0.00
1.0 2.90 2.92 2.54 0.45 0.63 0.28 15.96 6.15 0.50 0.00 0.00
1.5 2.89 2.92 2.55 0.42 0.59 0.28 15.98 8.06 0.50 0.00 0.00
2.0 2.88 2.92 2.57 0.38 0.53 0.28 15.93 9.24 0.48 0.01 0.00
2.5 2.87 2.92 2.60 0.29 0.40 0.22 15.78 10.12 0.46 0.02 0.01
2.8 2.87 2.92 2.62 0.00 0.00 0.00 15.42 10.65 0.46 0.01 0.01
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system. At low temperatures ( T ≤ 1.5 MeV ), the Λ hyperon 
predominantly occupies the lowest s-orbit, [000 1∕2] , with 
an occupation probability close to v2 ≈ 0.50 , whereas the 
p-shell states remain essentially unoccupied. As the tem-
perature increases, thermal excitation leads to the partial 
population of higher-lying states. At T = 2.0 MeV , the occu-
pation of the [110 1∕2] state becomes noticeable, reaching 
v2 = 0.02 by T = 2.5 MeV . Simultaneously, the [101 1∕2] 
and [101 3∕2] orbitals also began to acquire finite occupancy. 
It is important to note that, owing to the weak spin–orbit 
interaction for the Λ hyperon, the [101 1∕2] and [101 3∕2] 
orbitals are nearly degenerate and can be treated collectively.

To assess the robustness of the conclusion that cluster 
structures in 21

Λ
 Ne disappear with increasing temperature, 

we investigated the sensitivity of the results to variations in 
both YN and NN interactions. Several representative micro-
scopic YN forces NSC97f, NSC97a, NSC89, and ESC08 
were employed in combination with the Skyrme NN param-
eter set SkI4. The thermal evolution of the cluster structures 
exhibited negligible dependence on the choice of YN inter-
action, indicating that the presence of the Λ hyperon induces 
only subtle changes in the relative free energy surfaces.

In contrast, varying the NN interaction parameters (SkI3, 
SkI4, SLy4, and SLy5) produced more noticeable differences 
in the relative free energy surfaces, as shown in Fig. 7. The 
SkI3 and SkI4 results are similar, with clustering weakening 
as the temperature increased and vanishing at T = 2.8 MeV . 
In contrast, with SLy4 and SLy5, clustering disappeared at 
a lower temperature of T = 2.2 MeV . These differences 
are reflected in the slight shifts in the position and depth 
of the local minima on the free energy surface. However, 
the overall trend, clustering suppression with increasing 
temperature, remained unchanged, indicating that while the 
NN interaction affects the quantitative details, it does not 
alter the qualitative behavior.

These findings indicate that the temperature-induced 
delocalization in the deformed hypernucleus 21

Λ
 Ne represents 

a robust prediction within the FT-SHF framework, which is 
independent of the specific choice of the YN interaction. 
Although the selection of the NN interaction can affect the 
precise value of the critical temperature, it does not alter 
the general trend of temperature-driven delocalization in the 
system.

5 � Summary

In this study, finite-temperature SHF calculations were 
performed to investigate the localization and clustering 
phenomena in hypernucleus 21

Λ
Ne. For the nucleon–nucleon 

interaction, the Skyrme force SkI4 is adopted, while for the 
hyperon–nucleon interaction, the microscopic Nijmegen 
interaction NSC97f is employed.

By employing the total intrinsic density function in con-
junction with the nucleon  localization function, the cluster-
ing characteristics of the highly deformed ground state in 
21
Λ

 Ne at zero temperature can be readily observed. The locali-
zation and clustering characteristics progressively diminished 
with escalating temperature, culminating in their complete 
disappearance upon reaching a threshold of 2.8 MeV. This 
is because temperature weakens deformation, suppressing  
the spatial localization of nucleons and hindering  cluster 

Fig. 7   (Color online) Relative free energies, ΔF(�2,T) , as functions 
of the quadrupole deformation parameter �2 , calculated at finite tem-
peratures for 21

Λ
 Ne using three different Skyrme NN interactions: 

SkI3, SLy4, and SLy5. The YN interaction NSC97f in the calcula-
tions is the same
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formation. Hence, the density spreads across the surface 
region and destroys localization characteristics.

Furthermore, we examined the effects of temperature 
on the neutron and hyperon Nilsson single-particle energy 
levels. As the temperature increases, the thermal excita-
tions of nucleons enhance, leading to a downward shift of 
the Fermi surface and an enlarged orbital splitting. This 
effect is particularly pronounced in the well-deformed 
region, where the deformation-induced splitting of the 
energy levels becomes more significant with increasing 
temperature.

In addition, we investigated   the temperature dependence 
of the radii, deformation, single-Λ binding energy, and 
entropy for 21

Λ
Ne. The temperature-induced variation in the 

hyperon radius is more pronounced than that in the proton 
and neutron radii because the single hyperon is more easily 
excited than the numerous nucleons in the core.

Finally, it is demonstrated that the choice of    NN 
interactions can affect the precise value of the critical 
temperature. However, the general trend of temperature-
driven delocalization in the system is robust against NN and 
YN interactions.
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