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Phase transition in hot A hypernuclei within the relativistic Thomas-Fermi approximation
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A self-consistent description for hot A hypernuclei in hypothetical big boxes is developed within the relativistic
Thomas-Fermi approximation in order to investigate directly the liquid-gas phase coexistence in strangeness finite
nuclear systems. We use the relativistic mean-field model for nuclear interactions. The temperature dependence of
A hyperon density, A hyperon radius, excitation energies, specific heat, and the binding energies of A hypernuclei
from '°0 to 2°°Pb in phase transition region are calculated by using the subtraction procedure in order to separate
the hypernucleus from the surrounding baryon gas. The A central density is very sensitive to the temperature.
The radii of A hyperon at high temperature become very large. In the relativistic Thomas-Fermi approximation
with the subtraction procedure, the properties of hypernuclei are independent of the size of the box in which
the calculation is performed. The level density parameters of hypernuclei in the present work are confirmed to

be almost constant at low temperature. It is also found that the single-A binding energies of A hypernuclei are

largely reduced with increasing temperature.
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I. INTRODUCTION

Theoretical studies of hypernuclei are continuously boosted
by new and upgraded experimental facilities [1-8]. It is gener-
ally believed that from them one could derive various features
of the underlying hyperon interactions [9—16]. They are also
related to the dense stellar matter studies [17,18], as an alter-
native way of obtaining the matter apart from astrophysical
observations and/or quite developed many-body schemes for
infinite strongly interacting systems, for example, the widely
used microscopic Brueckner-Hartree-Fock (BHF) theory
[19].

Lattice QCD calculation should be an ideal tool for
investigating hypernucleus structure since it retains all the
fundamental characters of QCD theory. Indeed, the first
calculation of hypernuclei with baryon number A > 2 has
been performed recently, for 4 He and 4 , He [20]. However, a
detailed and precise structure description is still beyond its
reach. Few-body calculations in the cluster or shell-model
approach are awaited for not-so-light hypernuclei (A > 10).
Significant progress in the auxiliary field diffusion Monte
Carlo method [21] has been achieved in the calculation
of closed shell A hypernuclei from A =35 to 91. For a
more feasible way of the systematic study of both light and
heavy hypernuclei, effective models are generally employed.
Among them, many models are for single-A hypernuclei, for
example, the quark mean-field model [22], the relativistic
mean-field (RMF) approach [23,24], the Skyrme-Hartree-
Fock model [16,25,26], the quark-meson coupling model [27],
a relativistic point-coupling model [28], the quark mass
density-dependent model [29], and the density-dependent
RMF theory from relativistic BHF theory [30].

The experiments, (7,K), (e,e'K), and (y,K), are the
most popular reactions used to produce hypernuclei [31].
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Recently, the heavy ion collision was suggested as one way to
generate hypernuclei [32,33], such as the high energy Au+Au
collision [34], which can be considered as a liquid-gas phase
transition in hypermatter. The lifetime of hypernuclei in
such reactions are usually very short and the production of
hypernuclei should be strongly dependent on the temperature.
Therefore, it is very interesting to investigate the properties
of hot hypernuclei in the liquid-gas coexistence region. The
matter generated from the collision of relativistic heavy ions
has some probabilities to break up as the nuclear-fragment
and hyperfragment production, which can be described by the
statistical multifragmentation model [35]. This model was also
extended to the study of hypernuclei produced in heavy ion
collisions [36,37].

Accordingly, we want to investigate the hot hypernuclei
from the aspect of the liquid-gas phase coexistence in this
work. Since the hot hypernucleus formed in nucleus-nucleus
collisions is thermodynamically unstable against the emission
of baryons, an external pressure has to be exerted on the hyper-
nucleus to compensate for the tendency of baryon emission.
This pressure is assumed to be exerted by a surrounding gas
representing evaporated baryons, which is in equilibrium with
the hot hypernucleus.

In order to separate the nucleus from the surrounding gas, a
subtraction procedure was first proposed in the Hartree-Fock
framework [38] for a normal nucleus, and then used in the
Thomas-Fermi approach [39]. The subtraction procedure is
based on the existence of two solutions to the equations of
motion of nucleons. One solution corresponds to the nucleon
gas alone (G), and the other to the nuclear liquid phase
in equilibrium with the surrounding gas (NG). The density
profile of the nucleus (L) is then given by subtracting the
gas density from that of the liquid-plus-gas phase. Finally,
the physical quantities of the isolated nucleus obtained using
such subtraction procedure could be independent of the size
of the box in which the calculation is performed. In the past
decades, this subtraction procedure has been widely applied in
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the nonrelativistic Thomas-Fermi approximation with Skyrme
force [40-45].

The relativistic Thomas-Fermi approximation with RMF
Lagrangian has been developed and applied to study var-
ious subjects at the subnuclear densities, such as, droplet
formation [46,47] and nuclear pasta phases [48-50]. This
method is considered to be self-consistent in the treatment
of surface effects and nucleon distributions. The relativistic
Thomas-Fermi approximation was also adopted to describe
finite nuclei [51,52] and nonuniform nuclear matter for super-
nova simulations [53]. In Refs. [51,52], the thermodynamic
properties of finite nuclei were calculated within the relativistic
Thomas-Fermi approximation, and the results obtained were
found to depend on the input freeze-out volume, which was
actually the size of the box for performing the calculation.
Recently, we developed a relativistic Thomas-Fermi model
for the description of hot nuclei by employing the subtraction
procedure, and investigated the temperature dependence of
the symmetry energy of finite nuclei [54]. Actually, the results
obtained from the subtraction procedure are independent of
the size of the box.

In this work, we would like to extend the relativistic
Thomas-Fermi model with the subtraction procedure to
describe the hot A hypernuclei, which are most known
in experiments and theoretical calculations among various
hypernuclei. For the nuclear interaction and AN interaction,
we adopt the RMF model, which has been successfully used
to study various phenomena in nuclear physics [55-57]. The
thermodynamic properties of hot A hypernuclei, such as
excitation energies, specific heat, and level density parameters
of hypernuclei will be investigated.

In Sec. II, we briefly derive the relativistic Thomas-
Fermi approximation using the subtraction procedure for the
description of hot A hypernuclei. In Sec. III, the numerical
results are shown for the properties of A hypernuclei from 0

to 228Pb at finite temperature. A summary is given in Sec. IV.

II. RELATIVISTIC THOMAS-FERMI APPROXIMATION
FOR HOT A HYPERNUCLEI

In the RMF model, the baryons (nucleons and hyperons)
interact through the exchange of various mesons. The mesons
considered are the isoscalar-scalar and vector mesons (o and
) and isovector-vector meson (p). The baryon Lagrangian
density reads

Lrmr = Z Vi |:l')/;43” — M; — 8onNO — onYu®"
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where W#" and R*" are the antisymmetric field tensors for
w* and p*, respectively. gon,8wN, and g,y are the coupling
constants between o, w, p, and nucleon, respectively, while g, o
and g, are the coupling constants between the o,w, and A
hyperon. Here, the tensor coupling between w and A hyperon is
not taken into account, which just generates the large spin-orbit
splitting of the A hyperon. However, in the Thomas-Fermi
approximation, the single particle level at different spin
states cannot be obtained. Furthermore, such tensor coupling
does not change the total energy of A hypernuclei very
much. Therefore, we ignore this tensor coupling term in
the present work. The electromagnetic coupling constant is
e = /4m /137. In the RMF approach, meson fields are treated
as classical fields and the field operators are replaced by
their expectation values. For a static system, the nonvanishing
expectation values are o = (o), w = («°), and p = (p*°)
where “0” represents the time component in Dirac space and
“3” represents the third component in isospin space for p
meson.

Using the relativistic Thomas-Fermi approximation with
the subtraction procedure [38,39], we study a hot A hyper-
nucleus based on the thermodynamic potential of the isolated
hypernucleus, which is defined by

Q=0 - Q%+ Ec, @

s

where Q¢ and QU are the baryon thermodynamic potentials
in the liquid phase with the surrounding gas (N G) and the gas
phase alone (G), respectively. We employ the RMF Lagrangian
to obtain the thermodynamic potential Q¢ (a = NG or G),
which can be given as

Q =E“—TS - Y N (3)

i=p,n,A

Here, the energy E“, entropy S$¢, and particle number N/ in
the phase a are obtained by

E* = /8“(r)d3r,
§* = / s“(r)d’r,

N{ = /.nf-‘(r)d3r, 4

where €(r), s%(r), and n{(r) are the local energy density,
entropy density, and particle number density defined in the
RMF model. The local energy density derived from the
Lagrangian density (1) without Coulomb force is written as
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where M = M; 4 g,;0 is the effective baryon mass, and ; is
the number density of species i (i = p,n, or A). The entropy
density is given by

sry= Y /dkkz flmfh — (11— fh)
tpnA
< In (1= 75) = fE I fE— (=) I (1= 7))
(6)

Here, fX and f* are the occupation probabilities of the
particle and antiparticle at momentum k, respectively. Their
detailed form will be determined by a variational principle
self-consistently later. The number density of proton (i = p),
neutron (i = n), or A hyperon (i = A) at position r is given by

1 [o¢]
ni(r) = —2/0 dkik* (f5. — fL). (7

The Coulomb energy is calculated from the subtracted proton
density as

Ec = / [e(nf,’G —n§)A¢ — %(VAO)Z}oPr, (8)

where Ay is the electrostatic potential.

The equilibrium state of the isolated hypernucleus can be
obtained by minimization of the thermodynamic potential 2
defined in Eq. (2). The meson mean fields in the NG phase
satisfy the variational equation

82
SpNG
which leads to the following equations of motion for meson
mean fields in the NG phase:

_VZUNG +m20,NG +g (UNG)2 +g3(UNG)3

=0, ¢"9=0"% "% pN, ©)

NG NG NG
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8pN
V2 NG+m2 NG ; (ngG_ 711VG) (10)
The occupation probability f;7 kNG ( f'k;N 9 of species i (i =

p,n, or A) can be derived from the variational equation,
§Q
of

=0, (11)

which results in the Fermi-Dirac distribution of particle and
antiparticle for proton or neutron as

fENC = {1 + exp [(\/k2 + (MY 4 g v
—1
8 i+l
+%NT3,0NG te— Ag :Fﬂi)/T]} , (12)

and the one for A hyperon

FENG — 11 exp [(y/k? + (MENOY?

+20a0" F ua) [T]} . (13)
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Similarly, we obtain the equations of motion for meson mean
fields in the G phase,

=V +myo% + 820 %) + g3(0)’

= _gaN( +I’ZS n) goAnsG,A,

V20 + mww + C3(a)G)3
= gun (n§ + 1Y) + guany.

8oN (4G _ pG),  (14)

2 .G 2 .G
_Vp+mp10:2 4 n

and the occupation probability in the G phase for proton or
neutron,

e ={1+exp[< k2+(Mi**G)2+ngwG

3+ 1 =
+g§Nrp tel 5 AOZFN«z)/T:“ . (15)

and the one for A hyperon,

Rl ={1+ep (YR + (M)
+gwA0)G:FMA)/T]}_l- (16)

In the equations for meson mean fields, n{; and n{ denote,
respectively, the scalar and number densmes of spec1es i =
p,n,or A)inthe a (a = NG or G) phase [54]. By minimizing
2 with respect to the electrostatic potential Ay, we obtain the
Poisson equation for Ay as

— V2Ag = e(n)® —nf). (17)
The inclusion of the Coulomb energy in 2 leads to a coupling
between the two sets of equations for the NG and G phases.
Therefore, the coupled equations (10), (14), and (17) should
be solved simultaneously at given temperature 7' and chemical
potentials ftp,ty, and [Ly.

For a hypernucleus with N, protons, N, neutrons, and
N, hyperons at temperature 7, the proton, neutron, and A
hyperon chemical potentials (t,, (i, and p 4 can be determined
from given N, N,, and N,. Once the chemical potentials are
known, the occupation probabilities and density distributions
can be obtained easily. In practice, we solve self-consistently
the coupled equations (10), (14), and (17) under the constraints
of given N,,N,, and N,. After getting the solutions for the
NG and G phases, we can extract the properties of the hot
hypernucleus based on the subtraction procedure. The proton,
neutron, and A hyperon numbers, N,,N,, and N, are given
by

N; = NN¢ - NP = /n(r)dr i=p,n A, (18)

where n;(r) = nlNG(r) — niG(r) is the local density of the iso-
lated hypernucleus, which decreases to zero at large distances.
Therefore, physical quantities of the isolated hypernucleus
could be independent of the size of the box in which the
calculation is done. The total energy including Coulomb

054325-3



JINNIU HU, ZHAOWEN ZHANG, SHISHAO BAO, AND HONG SHEN

contributions for the hot hypernucleus is given by
E=ENS —EY 4+ E¢, (19)

where ENY and EC are the baryon energies without Coulomb
interaction in the NG and G phases, which are calculated
from Eq. (4). The Coulomb energy E¢ is given by Eq. (8).
The entropy and other extensive quantities of the isolated
hypernucleus can be calculated by subtracting the contribution
of the G phase from the one of the NG phase.

The excitation energy of hot hypernuclei is a very important
thermodynamic quantity. For a hypernucleus at temperature 7',
its excitation energy is defined as

EX(T) = E(T) — E(T = 0). (20)

The center-of-mass correction of the A hypernucleus is
taken into account by a conventional phenomenological
way [24],

3
Ecm = =7 x 41Ny + N, + N3 Mev.  (21)

III. RESULTS AND DISCUSSIONS

The properties of hot A hypernuclei are investigated within the
relativistic Thomas-Fermi approximation using the subtraction
procedure in this section. For the nuclear interaction, we adopt
the RMF model with TM1 parametrization [58], which was
determined by the ground-state properties of finite nuclei and
properties of nuclear matter from relativistic BHF theory. It
was successfully applied to calculate the equation of state for
supernova simulations and characters of neutron stars [59,60].
As for the meson-A hyperon couplings, it is well known that
the properties of A hypernuclei are very sensitive to the ratios
of the meson-A hyperon couplings to the meson-nucleon
couplings R, = goa/8sn and R, = gua/8wn. We take the
relative w coupling as R,, = 2/3 from the naive quark counting
and the relative o coupling as R, = 0.621 given in Ref. [23].
With this choice, the experimental A binding energies of
single- A hypernuclei can be reproduced very well in the RMF
model [23].

The coupled equations (10), (14), and (17) are solved
self-consistently with given baryon numbers of A hypernuclei,
N,,N,, and N, from Eq. (18) in a spherical box with
radius R. In this section, we take two single-A hypernuclei,
2Ca and 3®Pb, as numerical examples to investigate the
properties of hot hypernuclei within relativistic Thomas-Fermi
approximation. In the subtraction procedure, the properties of
hot hypernuclei should be independent of the size of the box,
when the box radius R is generally taken to be sufficiently
large. In Fig. 1, the density distributions of the A hyperon
from 3®Pb for G and NG phases at T = 8 MeV with different
box sizes, R = 16,18, and 20 fm are shown in order to check if
the results depend on the size of the box. At the central region
of the hypernucleus, these distributions are identical, while
they have different behaviors approaching the box boundary.
However, the behaviors of the G phase at boundary are in
accordance with the one of the N G phase, which will generate
their subtraction, i.e., the densities of the L phase, to be
independent of the size of the box.
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FIG. 1. The density distributions of the A hyperon for ﬁong at
T = 8 MeV obtained with different box sizes R = 16,18, and 20 fm.

The density distributions from the gas phase (G) and the liquid-plus-
gas phase (N G) are shown in the top and bottom panels, respectively.

In Figs. 2 and 3, the density distributions of A hyperon,
neutron, and proton for 4¥’Ca and 2®Pb at T = 0,4, and
8 MeV from left panels to right panels are presented, which are
obtained with the box radius, R = 20 fm. From top to bottom,
the results of the liquid-plus-gas phase (N G), gas phase (G),
and subtracted liquid phase (L) are displayed, respectively.
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FIG. 2. The density distributions of A hyperon (left panels),
neutron (middle panels), and proton (right panels) for ‘,‘\OCa at
T = 0,4, and 8 MeV obtained using the TM1 parametrization. The
density distributions from liquid-plus-gas (N G), gas phase (G), and
subtracted liquid phase (L) are shown in the top, middle, and bottom
panels, respectively.
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FIG. 3. Same quantities as Fig. 2, but for iong.

The A hyperon density distributions are multiplied by 10 and
20 in ‘ROCa and f\ong, respectively, to adopt the same scales
of neutron and proton in these two figures. First, we can see
that subtracted A densities in the isolated hypernucleus (L)
vanish at large distances. Therefore, the physical quantities
of the hypernucleus will be independent of the size of the
box. The A densities of the G phase are found to be exactly
zero at zero temperature, while these densities are finite but
very small at low temperature (T = 4 MeV). As temperature
increases, the A hyperon densities of the G phase increase
obviously. On the other hand, the A densities at the center of
the hypernucleus are reduced largely and the nuclear surface
becomes more diffuse with increasing 7" as shown in the top
and bottom panels. The A hyperon density in the center region
at T = 8 MeV is just about 30% of the value at T = 0 MeV.
It is easier to be influenced by the temperature for a single-A
hyperon compared with a large nucleus composed of many
protons and neutrons whose center densities are less sensitive
to the temperature as shown in Figs. 1 and 2 in Ref. [54].
Moreover, the A density at the center of 4’Ca is about 5 times
of the one of ﬁOSPb. This is because the A density in a single-A
hypernucleus is inversely proportional to the baryon number,
np & %, if we consider the hypernucleus as a liquid drop. For
the neutron and proton densities in 3°Ca and 2®Pb, they were
almost not changed by the A hyperon compared with the ones
of ¥Ca and **’Pb without the A hyperon as shown in Ref. [54].
This is because that the magnitude of single A hyperon density
is very small, just 5%~10% of nucleons. It will not change the
solutions of Eqgs. (10) and (14) so much in the cases of nuclei
with and without the A hyperon.

In Fig. 4, we display the root-mean-square (rms) radii
of neutrons, protons, and A hyperon, R,,R,, and R,, as a
function of the temperature 7 for 4’Ca (left panel) and 2**Pb

PHYSICAL REVIEW C 94, 054325 (2016)
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FIG. 4. The rms radii of neutrons, protons, and A hyperon as a
function of temperature 7 for %’Ca and 2**Pb.

(right panel), which are defined as

R _ [ d3rrini(r)
N [ d )

It is shown that R, and R, slowly increase with temperature
due to the diffusion of nuclear densities at high temperature.
However, the radii of the A hyperon at low temperature are
much smaller than the ones of neutrons and protons, while
they are very close at high temperature. This is because the A
density distribution becomes more diffuse at high temperature
and is more easily influenced by temperature as discussed
above.

The scalar and vector potentials of the A hyperon in ‘X)Ca
and f\ong at T = 0,4, and 8 MeV are shown in Fig. 5, which
are defined as U} = g 0 and U{ = g, aw. The magnitudes
of the scalar and vector potentials reduce with temperature
significantly. Especially, at higher temperature, this tendency
becomes more obvious. These potentials in the center regions
of hypernuclei at T = 8 MeV are reduced by 20% compared

i=n,p,A. 22)

FIG. 5. The scalar and vector AN potentials as a function of
hypernuclei radius at T = 0,4, and 8 MeV. The results of 4’Ca and
208Pb are shown in the left and right panels, respectively.
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8 T T T T T T T T T T TABLE 1. The properties of 4’Ca at different temperatures.
7 T (MeV) Rn  pa(0) E*/A B, S/2T E*/T? S*JAE*
= 6 P T T (fm) (1072fm™3) (MeV) (MeV)
§ 4 + - 0.0 2.43 1.06 0.00 22.19 - - -
. — %ca t —pp1 20 259 095 038 2072 382 383 38l
2+ ‘/‘\0 -+ ;\08 e 4.0 2.97 0.73 149 17.12 378 3.75 3.81
--- "Ca | ----"Pb 6.0 3.38 0.55 3.18 13.01 3.64 353 375
0 L — L L e L1 8.0 3.84 0.39 533 9.5 351 333  3.68
0o 1 2 3 4 5 0 1 2 3 4 5 6
E'/A [MeV]
volume as
FIG. 6. The caloric curves, i.e., the temperature 7 as functions .
of the excitation energy per particle E*/A for *°Ca, 4’Ca, **®Pb, and C. = d(E*(T)/A) (23)
208pp, ’ dT v

to the cases at 7 = 0 MeV. The attractive scalar potential is
slightly larger than the repulsive vector potential, and their
differences at the center of hypernuclei are about 15-25 MeV,
which result in the bound states of A hypernuclei.

The excitation energies of hot A hypernuclei can be
calculated from Eq. (20). The temperature T as functions of the
excitation energy per particle E*/A (caloric curve) are plotted
in Fig. 6 for 40Ca, ‘X)Ca, 208ph and f\ong. We can see that E*/ A
increases slowly at low temperature, while it rises more rapidly
as T increases. The excitation energy of A hypernuclei is larger
than the one of normal nuclei with the same baryon number.
This is mainly because the single-A hyperon is more easily
excited than a nucleon which has more correlation with other
nucleons considering a nucleus as a collective mode. By the
same reason, the excitation energy of heavy nuclei is smaller
than that of light nuclei at same temperature. We also find that
there exists a limiting temperature Tj;,, for a hot hypernucleus,
which is strongly dependent on the interaction and the size of
the box. Generally, the limiting temperature is above 8 MeV in
the Thomas-Fermi calculations [39,54]. Therefore, the results
of hot A hypernuclei in the present work are only shown up to
T ~ 8 MeV.

The specific heat C, per particle is a very useful thermody-
namic quantity for a hot nucleus, which is defined at a fixed

We show in Fig. 7 the specific heat as functions of temperature
for X'Ca and 2®Pb. In Ref. [52], the specific heat was
studied with relativistic Thomas-Fermi approximation for
hot nuclei, by introducing a freeze-out volume to treat the
density diffusing in the surface of nuclei at finite temperature.
Therefore, the specific heat was strongly dependent on the
freeze-out volume. When the subtraction procedure is used to
isolate the A hypernucleus from the surrounding baryon gas,
the properties of hot hypernucleus are independent of the size
of the box. In the left panel of Fig. 7, the specific heat of 3\08 Pbis
shown with different box sizes R = 15 fm and R = 20 fm. We
can find that they are identical until 7 = 8 MeV. The results
of specific heat for ’Ca and 2°®Pb are compared in the right
panel. It is shown that C, of ‘,‘\OCa is larger than the one of
2%8pb. This is because the caloric curve of 4'Ca is stiffer. It
is demonstrated that light hypernuclei are more easily excited
than heavy one.

The properties of single-A hypernuclei, A hyperon radii,
center density of A hyperon, excitation energy per particle,
single-A binding energy, and the level density parameter
for 4°Ca and 2®Pb at different temperatures are listed in
Tables I and II, respectively. In the low-temperature Fermi gas
approximation, the level density parameter a, which is related
to the density of state of an excited state, can be expressed
as §/2T,E*/T?, or S?/4E* [38], where E* is the excitation
energies from Eq. (20). In our calculation, the level density
parameters with different definitions in single-A hypernuclei
are almost temperature independent for 7 < 4 MeV. Their

15— — — magnitudes are also consistent with each other. The level
r —— R=20 fm R=20 fm 1 density parameter for the light nucleus is smaller than the
12F- - - R=15fm yi A heavy one.
o 0.9 i T e 7
0.6 - 4 L7 - _ TABLE II. The properties of 2*Pb at different temperatures.
L | L7 - - -%Cg
03} s T2 a T Ry pa(0)  E*JA Bn S/2T E*/T* S*JAE*
ool | o Pb 1 | . Pb{  (MeV) (fm) (102fm™>) (MeV) (MeV)
0 2 4 6 0 2 6 8 0.0 398 0.20 0.00 2741 - - -
T [MeV] 20 444 0.5 031 2503 16.14 1597 16.30
4.0 4.99 0.11 1.17  21.13 15.55 15.19 1593
FIG. 7. The specific heat C, as a function of temperature for iong 6.0 5.52 0.084 256 17.03 15.19 14.78 15.61
calculated with different box sizes R = 15 and 20 fm (left panel) and 8.0 6.10 0.064 452 1327 15.03 14.69 1539

those for }’Ca and 2*Pb with R = 20 fm (right panel).
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0.04 0.08
A
FIG. 8. The single-A binding energies from °O to 2%®Pb at
different temperatures 7 = 0,2,4,6, and 8 MeV and compared with
the experimental data for 1s states at zero temperature [31].
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To distinguish the excitation energy in Eq. (20), we would
like to use the A binding energy instead of A excitation
energy in this paper, although the A hyperon may also occupy
an excited state. The single-A binding energy is a very
important property of A hypernuclei, which is obtained by
the subtraction of the binding energy of A hypernucleus from
its core energy without hyperon. In Fig. 8, we present the
single-A binding energies of some typical spherical single-A
hypernuclei at different temperatures from k60 to f\OSPb and
compare them with the experimental data in term of A 1s states
at zero temperature [31]. It is seen that the single-A binding
energies decrease with temperature. At high temperature,
such reduction becomes faster. At T = 0 MeV, the single-A
binding energy can be measured at different spin states. The
experimental value of the Is state of 3°Pb is 26.3+0.8
MeV [31]. In the present study, we use the relativistic Thomas-
Fermi approximation to describe the hypernucleus and we do
not solve the Dirac equation for the nucleon and A hyperon.
Therefore, the single- A binding energies in this approximation
cannot be distinguished from different spin states. The A
binding energy of f\OSPb obtained in the present calculation
at T =0 MeV is 27.41 MeV, which is consistent with the
experiment data. For the light hypernuclei, like }°0, our results
of A binding energies are slightly overestimated in comparison
with experimental data.

IV. CONCLUSION

The relativistic Thomas-Fermi approximation has been
applied to the investigation of hot single-A hypernuclei

PHYSICAL REVIEW C 94, 054325 (2016)

using the RMF model for the interaction of baryons. The
subtraction procedure has been employed in order to separate
the hypernucleus from the surrounding baryon gas. With
such treatment, the properties of hot A hypernucleus are
independent of the size of the box in which the calculation
is performed. The nucleon and A hyperon interact via the
exchange of the o and w mesons, whose coupling constants
are determined by experimental A binding energies in the
RMF model.

We have studied two single- A hypernuclei, f\OCa and iOSPb,
as numerical examples in this work. At high density, the A
gas density becomes visible and increases with temperature.
On the other hand, the A density at the center of A hyper-
nuclei is reduced largely with temperature. The temperature
dependence of A densities is more remarkable than that of
the proton and neutron, since one hyperon is more easily
excited than nucleus which are compounded of many nucleons.
Furthermore, the magnitudes of A densities at the center of
hypernuclei are almost inverse to the baryon numbers. The
rms radius of A hyperon is clearly different from those of the
proton and neutron at zero temperature. However, it increases
rapidly with temperature and becomes comparable with the
radii of proton and neutron, which is due to the diffusion
of A distribution at high temperature. The scalar and vector
potentials of A hyperon have been found to be reduced with
temperature so that the A binding energies become small at
high temperature. The specific heat defined as the derivation
of excitation energy with respect to temperature was found
to be independent of the size of the box by employing the
subtraction procedure, which is different from introducing the
freeze-out volume to consider the temperature effect. Finally
we also gave the single-A binding energies from }\60 to f\OSPb
at different temperatures. The binding energies are consistent
with the results obtained in the RMF model at zero temperature
for heavy hypernuclei. As temperature increases, the A binding
energies decrease significantly.

We have systematically studied the properties of hot
single- A hypernuclei above mediate mass. There are also some
experimental data for light single-A hypernuclei, double-A
hypernuclei, and E hypernuclei. Further work is required
to investigate the properties of various hypernuclei at finite
temperature.

ACKNOWLEDGMENTS

This work was supported in part by the National Natural
Science Foundation of China (Grants No. 11375089 and
No. 11405090).

[1] M. Danysz et al., Nucl. Phys. 49, 121 (1963).

[2] D. J. Prowse et al., Phys. Rev. Lett. 17, 782 (1966).

[3] S. Aoki et al., Prog. Theor. Phys. 85, 1287 (1991).

[4] G. B. Franklin, Nucl. Phys. A 585, 83 (1995).

[5] H. Takahashi et al., Phys. Rev. Lett. 87, 212502 (2001).

[6] A. Gal, Int. J. Mod. Phys. E 19, 2301 (2010).

[7] E. Botta, T. Bressani, and G. Garbarino, Eur. Phys. J. A 48, 41
(2012).

[8] H. Tamura, Prog. Theor. Exp. Phys. 2012, 02B012 (2012).
[9] A. R. Bodmer and Q. N. Usmani, Nucl. Phys. A 468, 653
(1987).
[10] Q. N. Usmani, A. R. Bodmer, and B. Sharma, Phys. Rev. C 70,
061001(R) (2004).
[11] A. A. Usmani and Z. Hasan, Phys. Rev. C 74, 034320 (2006).
[12] E. Hiyama, M. Kamimura, Y. Yamamoto, and T. Motoba, Phys.
Rev. Lett. 104, 212502 (2010).

054325-7


https://doi.org/10.1016/0029-5582(63)90080-4
https://doi.org/10.1016/0029-5582(63)90080-4
https://doi.org/10.1016/0029-5582(63)90080-4
https://doi.org/10.1016/0029-5582(63)90080-4
https://doi.org/10.1103/PhysRevLett.17.782
https://doi.org/10.1103/PhysRevLett.17.782
https://doi.org/10.1103/PhysRevLett.17.782
https://doi.org/10.1103/PhysRevLett.17.782
https://doi.org/10.1143/PTP.85.1287
https://doi.org/10.1143/PTP.85.1287
https://doi.org/10.1143/PTP.85.1287
https://doi.org/10.1143/PTP.85.1287
https://doi.org/10.1016/0375-9474(94)00548-2
https://doi.org/10.1016/0375-9474(94)00548-2
https://doi.org/10.1016/0375-9474(94)00548-2
https://doi.org/10.1016/0375-9474(94)00548-2
https://doi.org/10.1103/PhysRevLett.87.212502
https://doi.org/10.1103/PhysRevLett.87.212502
https://doi.org/10.1103/PhysRevLett.87.212502
https://doi.org/10.1103/PhysRevLett.87.212502
https://doi.org/10.1142/S0218301310016752
https://doi.org/10.1142/S0218301310016752
https://doi.org/10.1142/S0218301310016752
https://doi.org/10.1142/S0218301310016752
https://doi.org/10.1140/epja/i2012-12041-6
https://doi.org/10.1140/epja/i2012-12041-6
https://doi.org/10.1140/epja/i2012-12041-6
https://doi.org/10.1140/epja/i2012-12041-6
https://doi.org/10.1093/ptep/pts056
https://doi.org/10.1093/ptep/pts056
https://doi.org/10.1093/ptep/pts056
https://doi.org/10.1093/ptep/pts056
https://doi.org/10.1016/0375-9474(87)90186-2
https://doi.org/10.1016/0375-9474(87)90186-2
https://doi.org/10.1016/0375-9474(87)90186-2
https://doi.org/10.1016/0375-9474(87)90186-2
https://doi.org/10.1103/PhysRevC.70.061001
https://doi.org/10.1103/PhysRevC.70.061001
https://doi.org/10.1103/PhysRevC.70.061001
https://doi.org/10.1103/PhysRevC.70.061001
https://doi.org/10.1103/PhysRevC.74.034320
https://doi.org/10.1103/PhysRevC.74.034320
https://doi.org/10.1103/PhysRevC.74.034320
https://doi.org/10.1103/PhysRevC.74.034320
https://doi.org/10.1103/PhysRevLett.104.212502
https://doi.org/10.1103/PhysRevLett.104.212502
https://doi.org/10.1103/PhysRevLett.104.212502
https://doi.org/10.1103/PhysRevLett.104.212502

JINNIU HU, ZHAOWEN ZHANG, SHISHAO BAO, AND HONG SHEN

[13] E. Hiyama, M. Kamimura, Y. Yamamoto, T. Motoba, and T. A.
Rijken, Prog. Theor. Phys. Suppl. 185, 152 (2010).

[14] E. Hiyama, Few-Body Syst. 53, 189 (2012).

[15] A. Gal and D. J. Millener, Phys. Lett. B 701, 342 (2011).

[16] A.Li, E. Hiyama, X.-R. Zhou, and H. Sagawa, Phys. Rev. C 87,
014333 (2013).

[17] A. Li, W. Zuo, A.-J. Mi, and G. FE. Burgio, Chin. Phys. 16, 1934
(2007).

[18] J. N. Hu, A. Li, H. Toki, and W. Zuo, Phys. Rev. C 89, 025802
(2014).

[19] G. F. Burgio, H.-J. Schulze, and A. Li, Phys. Rev. C 83, 025804
(2011), and references therein.

[20] S.R.Beane, E. Chang, S. D. Cohen, W. Detmold, H. W. Lin, T. C.
Luu, K. Orginos, A. Parreno, M. J. Savage, and A. Walker-Loud,
Phys. Rev. D 87, 034506 (2013).

[21] D. Lonardoni, S. Gandolfi, and F. Pederiva, Phys. Rev. C 87,
041303(R) (2013).

[22] H. Shen and H. Toki, Nucl. Phys. A 707, 469 (2002).

[23] H. Shen, F. Yang, and H. Toki, Prog. Theor. Phys. 115, 325
(2006).

[24] R. L. Xu, C. Wu, and Z. Z. Ren, J. Phys. G: Nucl. Part. Phys.
39, 085107 (2012).

[25] H.-J. Schulze and T. Rijken, Phys. Rev. C 88, 024322 (2013),
and references therein.

[26] N. Guleria, S. K. Dhiman, and R. Shyam, Nucl. Phys. A 886, 71
(2012).

[27] P. A. M. Guichon, A. W. Thomas, and K. Tsushima, Nucl. Phys.
A 814, 66 (2008), and references therein.

[28] Y. Tanimura and K. Hagino, Phys. Rev. C 85, 014306 (2012).

[29] C. Wu, Y. G. Ma, W. L. Qian, and R. K. Su, J. Phys. G: Nucl.
Part. Phys. 40, 075107 (2013), and references therein.

[30] J. Hu, E. Hiyama, and H. Toki, Phys. Rev. C 90, 014309 (2014).

[31] O. Hashimoto and H. Tamura, Prog. Part. Nucl. Phys. 57, 564
(2014).

[32] T. Gaitanos, H. Lenske, and U. Mosel, Phys. Lett. B 675, 297
(2009).

[33] A. S. Botvina, K. K. Gudima, J. Steinheimer, M. Bleicher, and
I. N. Mishustin, Phys. Rev. C 84, 064904 (2011).

[34] J. Steinheimer, K. Gudima, A. Botvina, I. Mishustin, M.
Bleicher, and H. Stocker, Phys. Lett. B 714, 85 (2012).

[35] J. P. Bondorf, A. S. Botvina, A. S. Iljinov, I. N. Mishustin, and
K. Sneppen, Phys. Rep. 257, 133 (1995).

[36] A. S. Botvina and J. Pochodzalla, Phys. Rev. C 76, 024909
(2007).

PHYSICAL REVIEW C 94, 054325 (2016)

[37] S. D. Gupta, Nucl. Phys. A 822, 41 (2009).

[38] P. Bonche, S. Levit, and D. Vautherin, Nucl. Phys. A 427, 278
(1984); 436, 265 (1985).

[39] E. Suraud, Nucl. Phys. A 462, 109 (1987).

[40] J. N. De, X. Vifias, S. K. Patra, and M. Centelles, Phys. Rev. C
64, 057306 (2001).

[41] T. Sil, J. N. De, S. K. Samaddar, X. Viias, M. Centelles, B. K.
Agrawal, and S. K. Patra, Phys. Rev. C 66, 045803 (2002).

[42] S. K. Samaddar, J. N. De, X. Vifias, and M. Centelles, Phys.
Rev. C 75, 054608 (2007).

[43] J. N. De and S. K. Samaddar, Phys. Rev. C 85, 024310
(2012).

[44] J.N. De, S. K. Samaddar, and B. K. Agrawal, Phys. Lett. B 716,
361 (2012).

[45] B. K. Agrawal, D. Bandyopadhyay, J. N. De, and S. K.
Samaddar, Phys. Rev. C 89, 044320 (2014).

[46] D. P. Menezes and C. Providéncia, Nucl. Phys. A 650, 283
(1999).

[47] D. P. Menezes and C. Providéncia, Phys. Rev. C 60, 024313
(1999).

[48] S. S. Avancini, D. P. Menezes, M. D. Alloy, J. R. Marinelli,
M. M. W. Moraes, and C. Providéncia, Phys. Rev. C 78, 015802
(2008).

[49] S. S. Avancini, S. Chiacchiera, D. P. Menezes, and C.
Providéncia, Phys. Rev. C 82, 055807 (2010); 85, 059904(E)
(2012).

[50] F. Grill, C. Providéncia, and S. S. Avancini, Phys. Rev. C 85,
055808 (2012).

[51] D. P. Menezes and C. Providéncia, Phys. Rev. C 64, 044306
(2001).

[52] T. Sil, B. K. Agrawal, J. N. De, and S. K. Samaddar, Phys. Rev.
C 63, 054604 (2001).

[53] Z. W. Zhang and H. Shen, Astrophys. J. 788, 185 (2014).

[54] Z. W. Zhang, S. S. Bao, J. N. Hu, and H. Shen, Phys. Rev. C 90,
054302 (2014).

[55] B. D. Serot and J. D. Walecka, Adv. Nucl. Phys. 16, 1 (1986).

[56] Y. K. Gambhir, P. Ring, and A. Thimet, Ann. Phys. (NY) 198,
132 (1990).

[57] J. Meng, H. Toki, S. G. Zhou, S. Q. Zhang, W. H. Long, and
L. S. Geng, Prog. Part. Nucl. Phys. 57, 470 (2006).

[58] Y. Sugahara and H. Toki, Nucl. Phys. A 5§79, 557 (1994).

[59] H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi, Astrophys.
J. Suppl. 197, 20 (2011).

[60] H. Shen, Phys. Rev. C 65, 035802 (2002).

054325-8


https://doi.org/10.1143/PTPS.185.152
https://doi.org/10.1143/PTPS.185.152
https://doi.org/10.1143/PTPS.185.152
https://doi.org/10.1143/PTPS.185.152
https://doi.org/10.1007/s00601-011-0296-8
https://doi.org/10.1007/s00601-011-0296-8
https://doi.org/10.1007/s00601-011-0296-8
https://doi.org/10.1007/s00601-011-0296-8
https://doi.org/10.1016/j.physletb.2011.05.069
https://doi.org/10.1016/j.physletb.2011.05.069
https://doi.org/10.1016/j.physletb.2011.05.069
https://doi.org/10.1016/j.physletb.2011.05.069
https://doi.org/10.1103/PhysRevC.87.014333
https://doi.org/10.1103/PhysRevC.87.014333
https://doi.org/10.1103/PhysRevC.87.014333
https://doi.org/10.1103/PhysRevC.87.014333
https://doi.org/10.1088/1009-1963/16/7/021
https://doi.org/10.1088/1009-1963/16/7/021
https://doi.org/10.1088/1009-1963/16/7/021
https://doi.org/10.1088/1009-1963/16/7/021
https://doi.org/10.1103/PhysRevC.89.025802
https://doi.org/10.1103/PhysRevC.89.025802
https://doi.org/10.1103/PhysRevC.89.025802
https://doi.org/10.1103/PhysRevC.89.025802
https://doi.org/10.1103/PhysRevC.83.025804
https://doi.org/10.1103/PhysRevC.83.025804
https://doi.org/10.1103/PhysRevC.83.025804
https://doi.org/10.1103/PhysRevC.83.025804
https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevC.87.041303
https://doi.org/10.1103/PhysRevC.87.041303
https://doi.org/10.1103/PhysRevC.87.041303
https://doi.org/10.1103/PhysRevC.87.041303
https://doi.org/10.1016/S0375-9474(02)00961-2
https://doi.org/10.1016/S0375-9474(02)00961-2
https://doi.org/10.1016/S0375-9474(02)00961-2
https://doi.org/10.1016/S0375-9474(02)00961-2
https://doi.org/10.1143/PTP.115.325
https://doi.org/10.1143/PTP.115.325
https://doi.org/10.1143/PTP.115.325
https://doi.org/10.1143/PTP.115.325
https://doi.org/10.1088/0954-3899/39/8/085107
https://doi.org/10.1088/0954-3899/39/8/085107
https://doi.org/10.1088/0954-3899/39/8/085107
https://doi.org/10.1088/0954-3899/39/8/085107
https://doi.org/10.1103/PhysRevC.88.024322
https://doi.org/10.1103/PhysRevC.88.024322
https://doi.org/10.1103/PhysRevC.88.024322
https://doi.org/10.1103/PhysRevC.88.024322
https://doi.org/10.1016/j.nuclphysa.2012.05.005
https://doi.org/10.1016/j.nuclphysa.2012.05.005
https://doi.org/10.1016/j.nuclphysa.2012.05.005
https://doi.org/10.1016/j.nuclphysa.2012.05.005
https://doi.org/10.1016/j.nuclphysa.2008.10.001
https://doi.org/10.1016/j.nuclphysa.2008.10.001
https://doi.org/10.1016/j.nuclphysa.2008.10.001
https://doi.org/10.1016/j.nuclphysa.2008.10.001
https://doi.org/10.1103/PhysRevC.85.014306
https://doi.org/10.1103/PhysRevC.85.014306
https://doi.org/10.1103/PhysRevC.85.014306
https://doi.org/10.1103/PhysRevC.85.014306
https://doi.org/10.1088/0954-3899/40/7/075107
https://doi.org/10.1088/0954-3899/40/7/075107
https://doi.org/10.1088/0954-3899/40/7/075107
https://doi.org/10.1088/0954-3899/40/7/075107
https://doi.org/10.1103/PhysRevC.90.014309
https://doi.org/10.1103/PhysRevC.90.014309
https://doi.org/10.1103/PhysRevC.90.014309
https://doi.org/10.1103/PhysRevC.90.014309
https://doi.org/10.1016/j.ppnp.2005.07.001
https://doi.org/10.1016/j.ppnp.2005.07.001
https://doi.org/10.1016/j.ppnp.2005.07.001
https://doi.org/10.1016/j.ppnp.2005.07.001
https://doi.org/10.1016/j.physletb.2009.04.038
https://doi.org/10.1016/j.physletb.2009.04.038
https://doi.org/10.1016/j.physletb.2009.04.038
https://doi.org/10.1016/j.physletb.2009.04.038
https://doi.org/10.1103/PhysRevC.84.064904
https://doi.org/10.1103/PhysRevC.84.064904
https://doi.org/10.1103/PhysRevC.84.064904
https://doi.org/10.1103/PhysRevC.84.064904
https://doi.org/10.1016/j.physletb.2012.06.069
https://doi.org/10.1016/j.physletb.2012.06.069
https://doi.org/10.1016/j.physletb.2012.06.069
https://doi.org/10.1016/j.physletb.2012.06.069
https://doi.org/10.1016/0370-1573(94)00097-M
https://doi.org/10.1016/0370-1573(94)00097-M
https://doi.org/10.1016/0370-1573(94)00097-M
https://doi.org/10.1016/0370-1573(94)00097-M
https://doi.org/10.1103/PhysRevC.76.024909
https://doi.org/10.1103/PhysRevC.76.024909
https://doi.org/10.1103/PhysRevC.76.024909
https://doi.org/10.1103/PhysRevC.76.024909
https://doi.org/10.1016/j.nuclphysa.2009.02.012
https://doi.org/10.1016/j.nuclphysa.2009.02.012
https://doi.org/10.1016/j.nuclphysa.2009.02.012
https://doi.org/10.1016/j.nuclphysa.2009.02.012
https://doi.org/10.1016/0375-9474(84)90086-1
https://doi.org/10.1016/0375-9474(84)90086-1
https://doi.org/10.1016/0375-9474(84)90086-1
https://doi.org/10.1016/0375-9474(84)90086-1
https://doi.org/10.1016/0375-9474(85)90199-X
https://doi.org/10.1016/0375-9474(85)90199-X
https://doi.org/10.1016/0375-9474(85)90199-X
https://doi.org/10.1016/0375-9474(87)90382-4
https://doi.org/10.1016/0375-9474(87)90382-4
https://doi.org/10.1016/0375-9474(87)90382-4
https://doi.org/10.1016/0375-9474(87)90382-4
https://doi.org/10.1103/PhysRevC.64.057306
https://doi.org/10.1103/PhysRevC.64.057306
https://doi.org/10.1103/PhysRevC.64.057306
https://doi.org/10.1103/PhysRevC.64.057306
https://doi.org/10.1103/PhysRevC.66.045803
https://doi.org/10.1103/PhysRevC.66.045803
https://doi.org/10.1103/PhysRevC.66.045803
https://doi.org/10.1103/PhysRevC.66.045803
https://doi.org/10.1103/PhysRevC.75.054608
https://doi.org/10.1103/PhysRevC.75.054608
https://doi.org/10.1103/PhysRevC.75.054608
https://doi.org/10.1103/PhysRevC.75.054608
https://doi.org/10.1103/PhysRevC.85.024310
https://doi.org/10.1103/PhysRevC.85.024310
https://doi.org/10.1103/PhysRevC.85.024310
https://doi.org/10.1103/PhysRevC.85.024310
https://doi.org/10.1016/j.physletb.2012.08.045
https://doi.org/10.1016/j.physletb.2012.08.045
https://doi.org/10.1016/j.physletb.2012.08.045
https://doi.org/10.1016/j.physletb.2012.08.045
https://doi.org/10.1103/PhysRevC.89.044320
https://doi.org/10.1103/PhysRevC.89.044320
https://doi.org/10.1103/PhysRevC.89.044320
https://doi.org/10.1103/PhysRevC.89.044320
https://doi.org/10.1016/S0375-9474(99)00109-8
https://doi.org/10.1016/S0375-9474(99)00109-8
https://doi.org/10.1016/S0375-9474(99)00109-8
https://doi.org/10.1016/S0375-9474(99)00109-8
https://doi.org/10.1103/PhysRevC.60.024313
https://doi.org/10.1103/PhysRevC.60.024313
https://doi.org/10.1103/PhysRevC.60.024313
https://doi.org/10.1103/PhysRevC.60.024313
https://doi.org/10.1103/PhysRevC.78.015802
https://doi.org/10.1103/PhysRevC.78.015802
https://doi.org/10.1103/PhysRevC.78.015802
https://doi.org/10.1103/PhysRevC.78.015802
https://doi.org/10.1103/PhysRevC.82.055807
https://doi.org/10.1103/PhysRevC.82.055807
https://doi.org/10.1103/PhysRevC.82.055807
https://doi.org/10.1103/PhysRevC.82.055807
https://doi.org/10.1103/PhysRevC.85.059904
https://doi.org/10.1103/PhysRevC.85.059904
https://doi.org/10.1103/PhysRevC.85.059904
https://doi.org/10.1103/PhysRevC.85.055808
https://doi.org/10.1103/PhysRevC.85.055808
https://doi.org/10.1103/PhysRevC.85.055808
https://doi.org/10.1103/PhysRevC.85.055808
https://doi.org/10.1103/PhysRevC.64.044306
https://doi.org/10.1103/PhysRevC.64.044306
https://doi.org/10.1103/PhysRevC.64.044306
https://doi.org/10.1103/PhysRevC.64.044306
https://doi.org/10.1103/PhysRevC.63.054604
https://doi.org/10.1103/PhysRevC.63.054604
https://doi.org/10.1103/PhysRevC.63.054604
https://doi.org/10.1103/PhysRevC.63.054604
https://doi.org/10.1088/0004-637X/788/2/185
https://doi.org/10.1088/0004-637X/788/2/185
https://doi.org/10.1088/0004-637X/788/2/185
https://doi.org/10.1088/0004-637X/788/2/185
https://doi.org/10.1103/PhysRevC.90.054302
https://doi.org/10.1103/PhysRevC.90.054302
https://doi.org/10.1103/PhysRevC.90.054302
https://doi.org/10.1103/PhysRevC.90.054302
https://doi.org/10.1016/0003-4916(90)90330-Q
https://doi.org/10.1016/0003-4916(90)90330-Q
https://doi.org/10.1016/0003-4916(90)90330-Q
https://doi.org/10.1016/0003-4916(90)90330-Q
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1016/0375-9474(94)90923-7
https://doi.org/10.1016/0375-9474(94)90923-7
https://doi.org/10.1016/0375-9474(94)90923-7
https://doi.org/10.1016/0375-9474(94)90923-7
https://doi.org/10.1088/0067-0049/197/2/20
https://doi.org/10.1088/0067-0049/197/2/20
https://doi.org/10.1088/0067-0049/197/2/20
https://doi.org/10.1088/0067-0049/197/2/20
https://doi.org/10.1103/PhysRevC.65.035802
https://doi.org/10.1103/PhysRevC.65.035802
https://doi.org/10.1103/PhysRevC.65.035802
https://doi.org/10.1103/PhysRevC.65.035802



