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Nuclear drip line and the composition of supernova matter
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The nuclear drip line plays a crucial role in determining the composition of matter under extreme astrophysical
conditions. In core-collapse supernovae and neutron-star crusts, matter is driven far from saturation density and
nuclear stability; nuclei coexist with a sea of free neutrons, an effect that is present even at zero temperature
in neutron-star crusts and becomes more pronounced in the hotter, neutron-rich supernova environment. This
makes a careful treatment of drip-line physics essential for a realistic description of the equation of state and
composition. In this work, the influence of the nuclear drip line on the baryonic composition of supernova matter
is investigated within the framework of nuclear statistical equilibrium. The composition is evaluated in terms
of free nucleons, light clusters, and heavy nuclei at finite temperature and global sub-saturation densities. The
results indicate that, at low proton fractions and higher densities, the inclusion of nuclei beyond the drip line
enhances the formation of extremely neutron-rich light clusters, leading to a significant reduction in the free-
neutron density and the charge fraction of heavy nuclei. These findings demonstrate that drip-line physics has
a significant impact on the composition of supernova matter and should be carefully incorporated in supernova
modeling and nucleosynthesis studies.
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I. INTRODUCTION

The nuclear drip line defines the limits of nuclear stability
and represents one of the central challenges of modern nuclear
physics. While the proton drip line has been mapped experi-
mentally over much of the nuclear chart, the neutron drip line
remains largely unconstrained due to the combined effects of
weak binding, pairing correlations, deformation, and coupling
to the particle continuum [1]. Predictions of the neutron drip
line vary substantially among theoretical approaches, includ-
ing Skyrme energy-density functionals, relativistic mean-field
models, and microscopic ab initio calculations, reflecting per-
sistent uncertainties in isovector interactions and many-body
correlations [2].

These uncertainties are not only of fundamental interest
for nuclear physics but also play a crucial role in nuclear
astrophysics, where matter is driven far from stability under
extreme thermodynamic conditions. In core-collapse super-
novae and protoneutron stars, matter spans wide ranges of
temperature, baryonic density, and proton fraction, enabling
the formation of highly neutron-rich nuclei and exotic light
clusters which are inaccessible in laboratory experiments
[3–6]. In neutron-rich astrophysical environments such as su-
pernova envelopes and neutron-star crusts, nuclear clusters
coexist with an ambient gas of unbound neutrons. While this
coexistence already occurs at zero temperature in neutron-star
crusts, thermal effects in supernova matter further enhance the
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population of weakly bound and neutron-rich nuclei. Under
such conditions, the location and treatment of the nuclear
drip line become critical for determining the composition and
thermodynamic properties of stellar matter. The resulting nu-
clear composition strongly affects the equation of state (EOS),
neutrino opacities, and weak-interaction rates, thereby influ-
encing collapse dynamics, shock revival, and neutrino-driven
nucleosynthesis [7–9].

At subsaturation densities and moderate temperatures,
nuclear statistical equilibrium (NSE) provides a natural frame-
work for describing matter as an ensemble of free nucleons,
light clusters (nuclei with atomic number Z � 2), and heavy
nuclei (Z > 2) in thermal and chemical equilibrium [10–12].
NSE-based descriptions form the foundation of many modern
supernova EOS models [13–18], which demonstrate that nu-
clear clustering persists over wide regions of the supernova
phase diagram and that light clusters and heavy nuclei coexist
with free nucleons well below saturation density.

Light clusters play a significant role in the thermody-
namic properties and neutrino interactions of supernova
matter [11,16]. Quantum statistical approaches and general-
ized relativistic mean-field models indicate that deuterons,
tritons, helions, and α particles survive up to densities of
order 0.01–0.1ρ0, modifying the pressure, entropy, and neu-
trino scattering rates [19,20]. Heavy nuclei, on the other
hand, dominate electron-capture processes during collapse
and strongly influence the deleptonization history of the
core [7,21].

Despite significant progress, a major uncertainty in
NSE-based EOS models concerns the treatment of ex-
tremely neutron-rich nuclei near and beyond the conventional
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neutron drip line. Most models rely on experimental mass
tables supplemented by theoretical mass models, which nec-
essarily impose practical limits on the nuclear chart [22]. As a
result, weakly bound and continuum-coupled nuclei may be
underrepresented, particularly in neutron-rich environments
relevant for supernova matter. Moreover, a consistent treat-
ment of continuum correlations and the avoidance of double
counting between bound and scattering states require explicit
subtraction schemes, which are not always implemented in
phenomenological NSE formulations [12,23].

Recent advances in radioactive ion beam (RIB) facilities
worldwide have enabled systematic exploration of nuclei far
from stability, providing unprecedented access to extremely
neutron-rich systems near and beyond the drip lines [24–26].
From a nuclear-physics perspective, extending the drip lines
increases the available phase space for cluster formation
and enhances the role of continuum coupling in stabilizing
neutron-rich systems. From an astrophysical viewpoint, this
effectively provides additional channels for storing neutrons
in bound states, thereby modifying the partitioning of baryon
number and isospin between bound clusters and free nucleons.
Such changes are expected to affect not only the EOS but also
weak-interaction rates, since electron capture and neutrino
scattering depend sensitively on nuclear charge distributions
and isospin asymmetry [7,8].

In this work, the impact of nuclear drip-line uncertainties
on the composition of supernova matter is investigated within
a continuum-corrected extended NSE framework [12]. The
model incorporates self-consistent mean-field interactions for
both free nucleons and clusters, finite-size effects through
surface and Coulomb contributions, and a subtraction scheme
to avoid double counting of continuum states. To quantify
the role of the drip line, three nuclear ensembles are consid-
ered: one restricted to nuclei within the standard experimental
drip line, one allowing moderately extended neutron-rich
isotopes, and one including all energetically bound nuclei
predicted by the underlying nuclear functional. The sensitivity
of the NSE composition to drip-line extension is analyzed as
a function of global proton fraction, baryonic density, and
temperature, which control, respectively, the neutron rich-
ness, clustering strength, and thermal dissolution of nuclei.
In addition to conventional mass fractions of free nucleons,
light clusters, and heavy nuclei, two bound observables—the
bound charge number and the bound isospin asymmetry—are
introduced to characterize how charge and neutron excess
are stored in clusters and to assess how nuclear-structure
uncertainties propagate into quantities relevant for weak-
interaction processes and neutrino transport in supernova
environments.

The paper is organized as follows. The model is described
in Sec. II, the results and their discussion are presented in
Sec. III, and the conclusions are given in Sec. IV.

II. NUCLEAR STATISTICAL EQUILIBRIUM (NSE) MODEL

In the NSE model [12,27], the densities of clusters and free
nucleons at a given global baryonic density ρB = ρp + ρn,
proton fraction yp = ρp/ρB, and temperature T are obtained

within the grand-canonical formalism and are given by

ypρB =
(

2πm∗
p,gT

h2

) 3
2

F1/2(ηp,g) +
∑
Z,N

Z ρZ,N,

(1 − yp)ρB =
(

2πm∗
n,gT

h2

) 3
2

F1/2(ηn,g) +
∑
Z,N

N ρZ,N,

where the first terms on the right-hand side represent the con-
tributions from the free proton (ρp,g) and neutron (ρn,g) gases,
respectively, while the second terms account for the number
densities of bound clusters (ρZ,N ) with proton number Z and
neutron number N . The quantities m∗

p,g and m∗
n,g are the effec-

tive masses of the free proton and neutron gases, and ηp,g =
(μp − Up,g)/T and ηn,g = (μn − Un,g)/T are the correspond-
ing effective chemical potentials within the density-dependent
self-consistent mean fields Up,g and Un,g, respectively.

The number density of clusters with Z protons and N
neutrons (A = Z + N) is given by

ρZ,N = (1 − uc)

(
2πmT

h2

) 3
2

(Z + N )
3
2

× φZ,N exp[β(μpZ + μnN )],

where m is the bare nucleon mass, φZ,N is the internal par-
tition function, and β = 1/T . The factor (1 − uc) accounts
for excluded volume, reducing the space available for the
center-of-mass motion of each cluster with uc = V tot

c /V tot,
where V tot

c and V tot are the total cluster volume and the total
system volume, respectively.

For light clusters (H and He isotopes), no excited states
are considered and φZ,N = (2JZ,N + 1) exp(−βEgr

Z,N ), where Egr
Z,N

and JZ,N are the energy and spin degeneracy of the ground state,
respectively. For heavy clusters, the internal partition function
is written as

φZ,N = exp

[
−F bulk

Z,N + F surf
Z,N + F coul

Z,N

T

]
,

where F bulk
Z,N is the bulk contribution to the Helmholtz free

energy, corresponding to a cluster volume Vc = A/ρc of nu-
clear matter at density ρc = ρn,c + ρp,c (with ρn,c and ρp,c the
neutron and proton densities inside the cluster) and isospin
asymmetry δc = (ρn,c − ρp,c)/ρc.

The evaluation of the cluster free energy involves the
well-known issue of double counting continuum states in the
partition function [23]. To address this issue, a continuum-
subtraction procedure was introduced in Ref. [12]. The
continuum-subtracted bulk Helmholtz free energy is

F bulk
Z,N = Vc[v(ρc, δc) − v(ρg, δg)]

− Vc

∑
q=p,n

(Uq,cρq,c − Uq,gρq,g)

− 2Vc

3

⎡
⎣ ∑

q=p,n

(ξq,c − ξq,g) + μpZ + μnN

⎤
⎦, (1)

where ηq,c = (μq − Uq,c)/T are the effective chemical poten-
tials of nucleons inside the cluster within the mean field Uq,c,
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and

ξq,c = 3h2

2πm∗
q,c

(
2πm∗

q,cT

h2

)5/2

F3/2(ηq,c)

is the kinetic energy density of nucleons of type q = p, n in
uniform matter at density ρc and asymmetry δc. The quantities
v(ρc, δc) and v(ρg, δg) are the potential energy densities of
the bound cluster and of the free nucleon gas [ρg = ρn,g +
ρp,g and δg = (ρn,g − ρp,g)/ρg], respectively. The bulk cluster
functional and the corresponding mean fields are obtained
from meta-modelling of the EoS [28] using the SLy5 parame-
ters [29]. Further details are given in Appendix A of Ref. [12].

Finite-size effects are included through the surface contri-
bution to the Helmholtz free energy,

F surf
Z,N = 4πr2

c A2/3
c σ (yp,c, T ), (2)

where Ac = (Z + N ) + (ρp,g + ρn,g)Vc, rc = [3/(4πρc)]
1/3

,
yp,c = Z/(Z + N ), and σ (yp,c, T ) is the surface tension at
temperature T and proton fraction of the bound cluster yp,c

[12,13,30]. The Coulomb free energy (assumed temperature
independent) is given by

F coul
Z,N = 3

5

e2Z2

4πε0
(1 − fW S )

(
4π

3Vc

)1/3

, (3)

where fW S is the Wigner-Seitz correction factor accounting for
long-range Coulomb interactions in the statistical ensemble
[31].

III. RESULTS AND DISCUSSION

The present investigation builds upon earlier NSE-based
studies of warm stellar and supernova matter, which have
demonstrated that the nuclear composition is highly sensi-
tive to thermodynamic conditions and to the treatment of
cluster degrees of freedom [13–16,18]. In particular, these
works have highlighted the important role of light clusters
and intermediate-mass nuclei in shaping the neutron-proton
balance and weak-interaction rates during core-collapse evo-
lution [31,32]. Extending this line of research, the present
study focuses specifically on the influence of nuclear drip-
line physics on the composition of supernova matter. To this
end, continuum-corrected NSE calculations are performed for
three distinct nuclear ensembles: (i) 2,3H,3,4,5,6 He, are in-
cluded, and for Z > 2 only isotopes within the standard drip
line are considered (determined from nuclear binding within
the compressible liquid-drop approximation using the SLy5
EoS, as described in the Appendix of Ref. [33]); (ii) an ex-
tended drip line is considered, allowing heavy clusters (Z > 2)
with neutron numbers up to twice those of standard drip line,
along with H and He isotopes with mass numbers up to 5 and
8, respectively; and (iii) all energetically bound isotopes are
included. The bound clusters considered in the three cases
are displayed in Fig. 1, where the color contour represents
the binding energies of the corresponding nuclei. Although
the nuclear landscape is conventionally represented in the
N − Z plane, here it is shown in the Z − N plane because the
three ensembles mainly differ in the extent of neutron richness
allowed for a given atomic number. Although, in principle, the

FIG. 1. Nuclear species included in the three cluster ensembles
considered in the present NSE calculations. The distributions are
shown in the Z − N plane. The color contour represents the binding
energy of the corresponding nuclei. (a), (b), and (c) correspond to the
standard drip-line ensemble, the extended drip-line ensemble, and the
ensemble containing all energetically bound isotopes, respectively.

same prescription can also be employed to extend the proton
drip line simultaneously, such an extension has a negligible
influence on the composition of the extremely neutron-rich
supernova matter considered in the present work, while sub-
stantially increasing the computational cost. In the following,
the impact of nuclear drip line physics on the composition
of supernova matter is systematically explored by varying
the global proton fraction, baryonic density, and temperature.
These three thermodynamic parameters govern the degree
of neutron richness, clustering, and thermal dissolution,
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FIG. 2. Global proton-fraction dependence of the mass fractions
of (a) free neutrons, (b) light clusters, and (c) heavy clusters, obtained
from NSE calculations at T = 5 MeV and ρB/ρ0 = 0.1. The results
are shown for (i) nuclei within the standard drip line (blue dotted
lines), (ii) an extended drip line for heavy clusters with neutron
numbers up to twice those of standard nuclei, and H and He isotopes
with mass numbers up to 5 and 8, respectively (green solid lines),
and (iii) all possible nuclei (magenta dashed lines).

respectively, and together provide a comprehensive character-
ization of supernova matter.

A. Global proton-fraction dependence

The dependence of the mass fractions on the global proton
fraction is studied at a constant temperature of T = 5 MeV
and a global baryon density of ρB = 0.1ρ0, as shown in Fig. 2.
Conventionally, the mass fractions of free neutrons (Xn), light
clusters (Xlight), and heavy clusters (Xheavy) are defined as

Xn = ρ0,1∑
Z

∑
N

(Z + N )ρZ,N
, (4)

Xlight =

∑
Z=1,2

∑
N>0

(Z + N )ρZ,N∑
Z

∑
N

(Z + N )ρZ,N
, (5)

Xheavy =
∑
Z>2

∑
N

(Z + N )ρZ,N∑
Z

∑
N

(Z + N )ρZ,N
. (6)

FIG. 3. Global proton-fraction dependence of densities of se-
lected H (upper panels) and He (lower panels) isotopes calculated
within the NSE framework at T = 5 MeV and global proton fraction
0.2 at T = 5 MeV and ρB/ρ0 = 0.1. The results are shown for (i) nu-
clei within the standard drip line (blue dotted lines), (ii) an extended
drip line for heavy clusters with neutron numbers up to twice those
of standard nuclei, and H and He isotopes with mass numbers up to
5 and 8, respectively (green solid lines), and (iii) all possible nuclei
(magenta dashed lines).

Here, the sum in the denominator runs over free nucleons and
all possible clusters, while for a given atomic number Z , all
allowed isotopes with different neutron numbers are included.
When nuclei beyond the standard drip line are considered,
the free-neutron mass fraction is reduced, particularly at low
proton fractions, due to the enhanced formation of extremely
neutron-rich clusters. The inclusion of very neutron-rich hy-
drogen and helium isotopes plays a particularly important role
at low proton fractions, reducing not only the free-neutron
component but also the contribution from heavy clusters. A
comparable reduction of the free-neutron component with
decreasing proton fraction has been reported in NSE and
generalized relativistic mean field studies of supernova matter,
where neutron-rich clusters act as effective neutron reservoirs
[15,16,20,34]. The present results show that this mechanism
is significantly strengthened when nuclei beyond the stan-
dard drip line are included, underscoring the importance of
an extended nuclear ensemble under extremely neutron-rich
conditions.

To elucidate this behavior, Fig. 3 shows the global proton-
fraction dependence of the densities of selected H and He
isotopes under the same thermodynamic conditions. Ex-
otic light nuclei such as 6,7H and 8,10He become abundant
in neutron-rich supernova matter at low proton fractions,
although they remain extremely difficult to access in heavy-
ion reaction experiments. The gradual population of these
neutron-rich light clusters suppresses the densities of compar-
atively less neutron-rich isotopes of the same elements.

Motivated by these observations, the effect of the nuclear
drip line on two theoretically important observables for su-
pernova matter is examined: (a) the bound charge number
Zbound, which characterizes the effective charge stored in nu-
clear clusters, and (b) the bound isospin asymmetry Ibound,
which quantifies the neutron-proton imbalance of bound
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FIG. 4. Global proton-fraction dependence of the mass fractions
of (a) bound charge number (Zbound) and (b) bound isospin asym-
metry (Ibound), obtained from NSE calculations at T = 5 MeV and
ρB/ρ0 = 0.1. Results are shown for nuclei within the standard drip
line (blue dotted lines), an extended drip line including neutron-rich
heavy clusters and H and He isotopes up to mass numbers 5 and
8, respectively (green solid lines), and all possible nuclei (magenta
dashed lines).

matter. These observables are defined as

Zbound =
∑
Z>0

∑
N>0

Z ρZ,N∑
Z>0

∑
N>0

ρZ,N
, (7)

Ibound =
∑
Z>0

∑
N>0

(N−Z )
(N+Z ) ρZ,N∑

Z>0

∑
N>0

ρZ,N
. (8)

The dependence of Zbound and Ibound on the global proton frac-
tion is shown in Fig. 4. At moderate proton fractions (0.4 �
Yp � 0.6), the abundance of extremely neutron-rich isotopes
is negligible, and the effect of drip-line extension on both
observables remains small. As the proton fraction decreases,
neutron-rich light clusters become increasingly abundant,
leading to a reduction of Zbound and an enhancement of Ibound.
Since these observables are closely linked to electron-capture
rates and neutrino emission, they are expected to influ-
ence weak-interaction processes in core-collapse supernova
environments.

In addition to the cluster abundances and bound observ-
ables, the dependence of the neutron and proton chemical
potentials on the global proton fraction is also investigated
for the three different nuclear ensembles, as shown in Fig. 5.
For yp � 0.3, the differences among the three calculations
remain relatively small because the contribution of extremely
neutron-rich nuclei is limited. For 0.05 � yp < 0.3, the inclu-
sion of nuclei beyond the standard drip line allows excess free
neutrons to be incorporated into bound states. This reduces
the free-neutron component and consequently lowers the neu-
tron chemical potential. The proton chemical potential is also
modified indirectly through chemical equilibrium conditions.
For yp < 0.05, the production of bound clusters becomes
strongly suppressed irrespective of the choice of drip-line
prescription due to the extremely neutron-rich environment.

FIG. 5. Global proton-fraction dependence of the (a) neutron
(μn) and (b) proton (μp) chemical potentials obtained from NSE
calculations at T = 5 MeV and ρB/ρ0 = 0.1. Results are shown
for the standard drip-line nuclei (blue dotted lines), the extended
drip-line nuclei (green solid lines), and all energetically bound nuclei
(magenta dashed lines).

As a result, the matter composition becomes increasingly
dominated by free neutrons, leading to a gradual convergence
of the neutron chemical potentials obtained in the different
calculations.

While variations in the global proton fraction primarily
control the neutron richness of the system and the accessibility
of exotic nuclei, the baryonic density determines the strength
of nucleon–nucleon correlations and the onset of cluster for-
mation. It is therefore instructive to examine how the nuclear
composition and bound observables evolve with increasing
density under fixed isospin conditions.

B. Global baryonic density dependence

The dependence of the NSE composition on the global
baryon density is studied at a fixed temperature of T = 5
MeV and a global proton fraction of Yp = 0.2. Figure 6 shows
the density evolution of the mass fractions of free neutrons,
light clusters, and heavy clusters over the subsaturation den-
sity range relevant to supernova matter. At low baryonic
densities, the composition is dominated by free neutrons,
reflecting the neutron-rich environment. With increasing den-
sity, nucleon-nucleon correlations become stronger, favoring
cluster formation and resulting in a systematic reduction of
the free-neutron mass fraction accompanied by enhanced pro-
duction of both light and heavy clusters.

The sensitivity of this evolution to the treatment of the nu-
clear drip line is evident. The inclusion of neutron-rich nuclei
beyond the standard drip line allows extremely neutron-rich
clusters to become energetically accessible at higher densities,
leading to a stronger suppression of the free-neutron compo-
nent. The enhanced formation of neutron-rich light clusters
also reduces the relative contribution of heavy clusters, in-
dicating a redistribution of baryon number among different
cluster species.
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FIG. 6. Global baryonic density dependence of the mass frac-
tions of (a) free neutrons, (b) light clusters, and (c) heavy clusters,
obtained from NSE calculations at T = 5 MeV and global proton
fraction 0.2. The results are shown for (i) nuclei within the standard
drip line (blue dotted lines), (ii) an extended drip line for heavy
clusters with neutron numbers up to twice those of standard nuclei,
and H and He isotopes with mass numbers up to 5 and 8, respectively
(green solid lines), and (iii) all possible nuclei (magenta dashed
lines).

The density dependence of selected hydrogen and helium
isotopes is shown in Fig. 7. In the standard drip-line de-
scription, only weakly neutron-rich isotopes such as 2,3H and
4,5,6He are populated with densities increasing moderately
with baryon density. When neutron-rich nuclei are included,
exotic isotopes such as 7H and 8He appear at higher densi-
ties, and in the most inclusive case extremely neutron-rich
species such as 10He acquire sizable densities. These isotopes
suppress less neutron-rich species and further reduce the free-
neutron content.

The corresponding density dependence of the bound ob-
servables is shown in Fig. 8. At low densities, where clustering
is weak, both Zbound and Ibound exhibit only a mild dependence
on the nuclear ensemble. With increasing density, Zbound de-
creases and Ibound increases in extended drip-line calculations,
reflecting the growing dominance of neutron-rich clusters and
the enhanced neutron excess stored in bound nuclei. The
enhanced neutron excess stored in bound clusters at higher

FIG. 7. Global baryonic density dependence of selected H (upper
panels) and He (lower panels) isotopes calculated within the NSE
framework at T = 5 MeV and global proton fraction 0.2. The results
are shown for (i) nuclei within the standard drip line (blue dotted
lines), (ii) an extended drip line for heavy clusters with neutron
numbers up to twice those of standard nuclei, and H and He isotopes
with mass numbers up to 5 and 8, respectively (green solid lines),
and (iii) all possible nuclei (magenta dashed lines).

densities is consistent with previous studies showing that clus-
ter asymmetry increases toward the inner crust of neutron stars
and in late-stage supernova matter [20,35].

Figure 9 shows the baryonic density dependence of the
neutron and proton chemical potentials for the three nuclear
ensembles. At low densities, where the matter composition
is dominated by free nucleons, the differences among the
calculations remain relatively small. With increasing density,
cluster correlations become stronger and neutron-rich nuclei
acquire significant abundances, particularly in the extended
drip-line calculations. Consequently, the neutron chemical
potential decreases more rapidly with density when nuclei
beyond the standard drip line are included, reflecting the

FIG. 8. Global baryonic density dependence of the mass frac-
tions of (a) bound charge number (Zbound) and (b) bound isospin
asymmetry (Ibound), obtained from NSE calculations at T = 5 MeV
and global proton fraction 0.2. Results are shown for nuclei within
the standard drip line (blue dotted lines), an extended drip line includ-
ing neutron-rich heavy clusters and H and He isotopes up to mass
numbers 5 and 8, respectively (green solid lines), and all possible
nuclei (magenta dashed lines).

025803-6



NUCLEAR DRIP LINE AND THE COMPOSITION OF … PHYSICAL REVIEW C 114, 025803 (2026)

FIG. 9. Global baryonic density dependence of the (a) neutron
(μn) and (b) proton (μp) chemical potentials obtained from NSE
calculations at T = 5 MeV and global proton fraction 0.2. Results
are shown for the standard drip-line nuclei (blue dotted lines), the
extended drip-line nuclei (green solid lines), and all energetically
bound nuclei (magenta dashed lines).

enhanced binding of excess neutrons into highly asymmetric
clusters. The proton chemical potential also exhibits a bary-
onic density dependence on the nuclear ensemble due to
the modified chemical equilibrium among free nucleons and
clusters. The sensitivity of the chemical potentials to the
drip-line prescription at higher densities suggests that ex-
tremely neutron-rich nuclei may influence neutrino opacities
and thermal transport properties in dense supernova matter
and protoneutron-star environments.

At a given density and proton fraction, thermal effects
further regulate the balance between bound clusters and free
nucleons by controlling nuclear stability and entropy. The
temperature dependence of the NSE composition thus pro-
vides crucial insight into the competition between binding and
thermal dissolution in supernova matter.

C. Temperature dependence

Figure 10 shows the temperature dependence of the NSE
composition at ρB/ρ0 = 0.1 and Yp = 0.2. At high temper-
atures, thermal excitation dominates in all cases, leading
to the dissolution of nuclear clusters and convergence to-
ward a nucleon-dominated regime with a large free-neutron
mass fraction. As the temperature decreases, cluster forma-
tion becomes increasingly favorable. In the standard drip-line
description, heavy neutron-rich clusters gradually build up,
accompanied by a reduction of the free-neutron fraction. The
inclusion of neutron-rich nuclei enhances cluster stability
over a broader temperature range, leading to systematically
lower free-neutron mass fractions and higher light-cluster
abundances with the strongest effect observed when all en-
ergetically bound nuclei are included. The dissolution of
clusters with increasing temperature is a generic feature of
warm nuclear matter in NSE and virial approaches [11,15].

FIG. 10. Temperature dependence of the mass fractions of
(a) free neutrons, (b) light clusters, and (c) heavy clusters, obtained
from NSE calculations at ρB/ρ0 = 0.1 and yp = 0.2. The results are
shown for (i) nuclei within the standard drip line (blue dotted lines),
(ii) an extended drip line for heavy clusters with neutron numbers up
to twice those of standard nuclei, and H and He isotopes with mass
numbers up to 5 and 8, respectively (green solid lines), and (iii) all
possible nuclei (magenta dashed lines).

Extending the drip line delays this dissolution by stabilizing
neutron-rich light clusters.

At temperatures below T � 3.5 MeV, the free-neutron
mass fraction exhibits a slight increase with decreasing
temperature. This behavior arises from the suppression of
entropy-favored light clusters at low temperatures, which
releases neutrons that cannot be fully absorbed by increas-
ingly neutron-rich bound nuclei, resulting in a small residual
population of free neutrons despite the dominance of heavy
clusters.

Figure 11 further elucidates the microscopic origin of
these trends. The inclusion of neutron-rich nuclei leads to
the population of exotic isotopes such as 5,7H and 8,10He at
low temperatures. These neutron-rich light clusters suppress
less neutron-rich species by redistributing neutrons into more
asymmetric bound states, highlighting the strong sensitivity of
light-cluster abundances to drip-line physics in cold supernova
matter.

Figure 12 shows the temperature dependence of Zbound

and Ibound. At high temperatures, both observables remain
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FIG. 11. Temperature dependence of selected H (upper panels)
and He (lower panels) isotopes calculated within the NSE framework
at ρB/ρ0 = 0.1 and yp = 0.2. The results are shown for (i) nuclei
within the standard drip line (blue dotted lines), (ii) an extended drip
line for heavy clusters with neutron numbers up to twice those of
standard nuclei, and H and He isotopes with mass numbers up to 5
and 8, respectively (green solid lines), and (iii) all possible nuclei
(magenta dashed lines).

small and exhibit only a weak dependence on the drip-line
prescription due to cluster dissolution. As the temperature
decreases, Zbound decreases while Ibound increases, reflecting
the enhanced formation of neutron-rich clusters. These ef-
fects are most pronounced at low temperatures, emphasizing
the crucial role of nuclear structure in determining the com-
position and weak-interaction properties of cold supernova
matter.

The temperature dependence of the average charge of
heavy nuclei Zheavy, is also investigated for the three different
nuclear ensembles and shown in Fig. 13. At high tempera-
tures, the differences among the calculations remain small due
to thermal dissolution of heavy clusters. As the temperature

FIG. 12. Temperature dependence of the mass fractions of
(a) bound charge number (Zbound) and (b) bound isospin asymmetry
(Ibound), obtained from NSE calculations at ρB/ρ0 = 0.1 and yp =
0.2. Results are shown for nuclei within the standard drip line (blue
dotted lines), an extended drip line including neutron-rich heavy
clusters and H and He isotopes up to mass numbers 5 and 8, respec-
tively (green solid lines), and all possible nuclei (magenta dashed
lines).

FIG. 13. Temperature dependence of the average charge of heavy
nuclei Zheavy, obtained from NSE calculations at ρB/ρ0 = 0.1 and
yp = 0.2. Results are shown for the standard drip-line nuclei (blue
dotted lines), the extended drip-line nuclei (green solid lines), and all
energetically bound nuclei (magenta dashed lines).

decreases, Zheavy increases in all three cases because of the
enhanced formation of bound nuclei. However, at a given
temperature, the significant production of neutron-rich H and
He isotopes in the extended drip-line and all-bound-nuclei
calculations reduces the relative abundance of heavy clusters,
leading to comparatively smaller values of Zheavy than in the
standard drip-line case. Since coherent neutrino-nucleus scat-
tering depends sensitively on the properties of heavy nuclei
and plays an important role in late-stage protoneutron-star
cooling [36], these results may have implications for neutrino
cooling in protoneutron stars.

The temperature dependence of the neutron and pro-
ton chemical potentials are shown in Fig. 14. At high
temperatures, thermal excitation suppresses cluster formation
and the chemical potentials obtained in the three calcula-
tions become nearly identical. As the temperature decreases,
cluster formation becomes increasingly favorable, particu-
larly for neutron-rich nuclei beyond the standard drip line.
The enhanced population of extremely neutron-rich clusters
lowers the neutron chemical potential by transferring excess
neutrons from the free nucleon gas into bound states. The
differences among the three calculations become most pro-
nounced at low temperatures, where clustering effects are
strongest. The proton chemical potential exhibits an oppo-
site trend due to the coupled chemical-equilibrium conditions
among nucleons and clusters. These results demonstrate that
the treatment of nuclear drip-line physics can significantly
influence the thermodynamic properties of cold and moder-
ately warm supernova matter, with possible consequences for
neutrino emission and protoneutron-star cooling.

Finally, these results demonstrate that a proper treatment of
nuclear drip-line physics can substantially modify the compo-
sition of warm and cold supernova matter over a broad range
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FIG. 14. Temperature dependence of the of the (a) neutron (μn)
and (b) proton (μp) chemical potentials obtained from NSE calcu-
lations at ρB/ρ0 = 0.1 and yp = 0.2. Results are shown for nuclei
within the standard drip line (blue dotted lines), an extended drip
line including neutron-rich heavy clusters and H and He isotopes up
to mass numbers 5 and 8, respectively (green solid lines), and all
possible nuclei (magenta dashed lines).

of densities, temperatures, and proton fractions. Such changes
in composition are expected to affect neutrino transport,
electron-capture rates, and the thermodynamic evolution of
core-collapse supernovae and neutron-star crusts, highlight-
ing the importance of consistently incorporating extremely
neutron-rich nuclei in astrophysical equations of state [21,37].

It should also be noted that the largest differences among
the three nuclear ensembles are obtained mainly in the high-
density region. This region lies inside the neutrino sphere,
where neutrinos remain trapped and matter stays close to
weak equilibrium. Consequently, the differences among the
three nuclear ensembles are expected to have only a modest
effect on the overall dynamical evolution of core-collapse
supernovae and on the early cooling stage of protoneutron
stars. Nevertheless, the observed modifications of the nuclear
composition, heavy-cluster properties, and neutron/proton
chemical potentials may still influence local weak-interaction
rates, neutrino opacities, and thermal transport properties in
dense neutron-rich matter. A quantitative assessment of these
effects on proto-neutron-star cooling and supernova evolution
would require self-consistent neutrino-radiation hydrody-
namics simulations employing extended nuclear ensembles
beyond the standard drip line.

In the present study, the in-medium modification of the nu-
clear binding energy is not considered, which could possibly
reduce the statistical weight of loosely bound clusters. The
in-medium effect is not significant for heavy nuclei, but is im-
portant for the light clusters. Quantum statistical approaches
[38–40] and recent investigations of chemical equilibrium
constants [27,41,42] from intermediate energy heavy-ion re-
actions provide useful information on binding energy shifts of
light clusters. In future work, it will be interesting to introduce
the in-medium modification of nuclear binding energy in NSE
model and to study its effect on supernova matter.

IV. SUMMARY AND CONCLUSIONS

The influence of nuclear drip-line physics on the com-
position of supernova matter has been studied within a
continuum-corrected nuclear statistical equilibrium frame-
work. By systematically extending the nuclear ensemble
beyond the standard drip line, the sensitivity of matter com-
position to extreme neutron-rich nuclei is examined over a
wide range of proton fractions, baryonic densities, and tem-
peratures relevant to core-collapse environments.

The results demonstrate extending the nuclear ensem-
ble beyond the conventional drip line leads to substantial
modifications of the NSE composition under neutron-rich
conditions. At low proton fractions and sub-saturation den-
sities, the inclusion of extremely neutron-rich nuclei strongly
enhances the formation of exotic light clusters, particularly
neutron-rich hydrogen and helium isotopes. These clusters
act as efficient neutron reservoirs, resulting in a pronounced
reduction of the free-neutron component and a redistribution
of baryon number from heavy nuclei toward light clusters.
Consequently, the effective charge stored in bound nuclei
decreases, while the neutron excess of bound matter increases.
The impact of drip-line physics becomes increasingly signif-
icant with rising density, where enhanced nucleon–nucleon
correlations favor clusterization, and with decreasing tem-
perature, where thermal dissolution is suppressed. In these
regimes, extended drip-line treatments delay the dissolu-
tion of clusters and stabilize neutron-rich bound states over
a broader thermodynamic domain. The resulting increase
in the bound isospin asymmetry and the reduction of the
bound charge number highlight the sensitivity of composition-
related observables to nuclear-structure uncertainties far from
stability.

These findings have direct implications for supernova mod-
eling and neutron-star physics. In addition to the composition
and bound observables, the neutron and proton chemical
potentials also exhibit sensitivity to the treatment of the nu-
clear drip line, particularly in dense, cold, and neutron-rich
matter. The resulting modifications of these thermodynamic
quantities may influence neutrino transport, weak-interaction
rates, and protoneutron-star cooling. Since electron-capture
rates, neutrino opacities, and weak-interaction processes de-
pend sensitively on nuclear charge distributions and isospin
asymmetry, uncertainties in the treatment of the neutron drip
line may propagate into the dynamical and thermal evolution
of core-collapse supernovae and the structure of neutron-star
crusts. The present results therefore underscore the impor-
tance of consistently incorporating extremely neutron-rich
nuclei and continuum effects in astrophysical equations of
state.

Looking ahead, improved experimental constraints on
neutron-rich nuclei from next-generation radioactive-beam
facilities, together with advances in microscopic nuclear the-
ory and continuum treatments, will be essential for reducing
these uncertainties. The present study provides a system-
atic framework for assessing the astrophysical impact of
drip-line physics and highlights the need for extended and
self-consistent nuclear ensembles in realistic descriptions of
dense, neutron-rich matter.
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