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Abstract: We investigate the effects of the σ meson mass ( ), symmetry energy, and slope of the symmetry en-
ergy on the neutron star  core-crust  transition density and the crustal  moment of  inertia  ( ) in  the nonlinear  re-
lativistic  Hartree approach (RHA),  which includes vacuum polarization.  Although the core-crust  transition density
( ), pressure ( ), and neutron star radius (R), which are all dependent on the symmetry energy, contribute to de-
termining  , we find that changing only the slope of symmetry energy within a reasonable range is not sufficient
to reach  % to achieve the large glitches of the Vela pulsar. However, since all three factors ( ,  , and R)
increase with the increase in   through scalar vacuum polarization, adjusting   can easily achieve  %.
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I.  INTRODUCTION
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The symmetry energy and its slope in nuclear matter
are  crucial  features  of  the  equation  of  state  (EOS)  of
asymmetric nuclear matter, which play important roles in
nuclear  physics  [1−3]  and  neutron  star  properties  [4−8].
Specifically, the density dependence of the symmetry en-
ergy  can  affect  the  occurrence  of  the  non-nucleonic  de-
grees  of  freedom in  neutron  stars  [9−14]. In  recent  dec-
ades,  numerous  terrestrial  experiments  and  astronomical
observations have  been  attempted  to  constrain  the   sym-
metry energy. Experimental extractions based on a larger
number  of  groups  yield  an  average  range  of 
MeV or even a smaller range [15, 16]. It is, however, in-
teresting to see that new experiments often break through
the  constrained  ranges.  For  instance,  measuring  Pb
neutron  skin  thickness  (   fm)  through  weak-
interaction  electron  scattering  suggests  a  wide  range  for
the symmetry energy slope   MeV [17, 18]. A
recent study used the multimessenger resonant shattering
flares to estimate L to be approximately   MeV
[19].  On  the  other  hand,  fundamental  symmetries  and
new methods  have  been  proposed  to  constrain  the   sym-
metry  energy [20−26].  Though it  remains  a  challenge to
resolve the uncertainty of the symmetry energy, one may
employ this uncertainty to study its effect on physical ob-

servables,  such  as  pulsar  glitches  [27,  28]  and  star  tidal
deformability  [29,  30].  These  astrophysical  observations
may constrain or even reduce the uncertainty.

∆I/I

Understanding  the  causes  of  pulsar  glitches  is  not  a
straightforward process. Initially, glitches were thought to
come  from  starquakes  [31],  but  this  could  not  explain
why  they  occur  every  three  years.  Later,  a  corequake
model  was  established  [32], but  the  solid  core   explana-
tion still seemed unreasonable. The current explanation is
that  glitches  are  caused  by  sudden  transfers  of  angular
momentum  between  the  neutron  superfluid  in  the  inner
crust  and  the  rest  of  the  star  [33−37].  After  considering
crustal entrainment in the Vela pulsar,  the lower limit of
the  crustal  inertia  moment  fraction    needs to  be   in-
creased from the original 1.6% to 7% [37−39].

∆I/I ≥ 7

The crustal  inertia  moment  fraction  is  usually   re-
garded  as  being  determined  by  the  core-crust  transition
density and pressure and the star radius, which are all de-
pendent on  the  density  dependence  of  the  symmetry  en-
ergy  [40−42].  The  core-crust  transition  properties  from
homogeneous  to  inhomogeneous  matter  are  crucial  for
understanding neutron  star  glitches.  However,  the  calcu-
lation with the well-constrained models shows that reach-
ing the required  % for the Vela pulsar is difficult
only by changing the symmetry energy and/or slope with-
in  a  reasonable  range.  Hence,  it  is  necessary  to  consider
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In  the  past,  many  theoretical  models  have  been  used
to understand the properties of these core-crust transition
densities  [36,  42−48].  Here,  we  obtain  the  core-crust
transition density   through the relativistic random phase
approximation  (RRPA)  method  with  the  inclusion  of the
renormalized  vacuum  polarization  in  the  relativistic
Hartree approximation (RHA).  The numerical  results   in-
dicate  a  strong  positive  correlation  between    and  the
mass of the σ meson induced by the scalar vacuum polar-
ization  [48].  In  this  work,  we  will  perform  a  systematic
and  comparative  study  of  the  effects  of  the    and  the
density dependence of the symmetry energy on the core-
crust transition and the fraction of the moment of inertia

. In addition, our theoretical models will also be cal-
ibrated carefully using the constraints on the neutron star
radii and maximum masses.

mσ

ρt ∆I/I 1.4M⊙

The remainder of the paper is organized as follows. In
Sec. II,  we  present  the  formalism that  includes  the  Lag-
rangian,  the  RRPA  equations,  and  relevant  formulas  for
calculating  the  properties  of  neutron  stars.  The  model
Lagrangian is extended to include the scalar-vector coup-
ling  and  ω-meson  self-interacting terms  and  isoscalar-
isovector coupling term to fit the maximum mass of neut-
ron stars and adjust the slope of the symmetry energy, re-
spectively.  The  results,  including  the  impact  of  ,  the
symmetry energy, and the slope of the symmetry energy
on  ,  ,  and  the  neutron  star  radius  at  ,  are
presented in Sec. III. Finally, a brief summary is given in
Sec. IV. 

II.  FORMALISM

Λv

We  added  a  nonlinear  isoscalar-isovector  coupling
term  in  terms  of  the  parameter    [49]  to  our  previous
Lagrangian [48] to  adjust  the  slope  of  the  symmetry  en-
ergy. Now, the interacting Lagrangian is written as 

Lint =ψ[γµ(i∂µ−gωωµ−gρτ · bµ+
e
2

(1+τ3)Aµ)

− (M−gσϕ)]ψ+4g2
ρbµ ·bµΛvg2

ωωµω
µ

−U(ϕ,ω), (1)

U(ϕ,ω)where   is the nonlinear σ and ω meson self-inter-
actions, 

U(ϕ,ω) = −1
2

gσωω2ϕ2+
1
3!

g2ϕ
3+

1
4!

g3ϕ
4+

1
4

c3ω
4. (2)

LCT =
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ϕn

g2 g3

URen.(ϕ,ω)

The counterterms to renormalize the infinite nucleon self-
energy  are    [50].  In  addition,  the  one-
loop  contributions  from  the    and    terms  need  to  be
renormalized  by  introducing  additional  counterterms.
Eventually, in RHA, the renormalized finite   is
analogously given as [51] 
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(3)

m̃2
σ = m2

σ−gσωω2with  .

q0

The  perturbation  of  nuclear  matter  can  be  described
by the  dressed  polarization  tensors,  which  are  the   solu-
tion  to  Dyson's  equation.  In  a  static  system  where  the
variable    of  the  dressed  polarization  tensors  is  set  to
zero,  a  uniform  system  may  become  unstable   to  small
amplitude  density  fluctuations  of  momentum  transfer  q.
This  instability  occurs  when  the  following  inequality  is
satisfied [52]: 

ϵL = det[1−DL(q)ΠL(q,q0 = 0)] ≤ 0, (4)

DL

ΠL 4×4
where  the  meson  propagator    and  polarization  tensor

  are  in  form  of    matrices.  The  core-crust  trans-
ition density  is  determined as  the  largest  density  satisfy-
ing Eq. (4) for any q.

The longitudinal polarization matrix is defined as

ΠL =


Πe

00D+Π
e
00 f 0 0 0

0 Πn
sD+Π

p
sD+Π

n
s f +Π

p
s f Πp

m Πn
m

0 Πp
m Π

p
00D+Π

p
00 f 0

0 Πn
m 0 Πn

00D+Π
n
00 f

. (5)

ΠLHere, all the components in   include the renormalized
Feynman part,  whose explicit  expression can be referred

to  Ref.  [53].  The  renormalized  scalar  polarization  has
special importance on matter stability, and it reads
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Πs f =
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x(x−1)m2
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, (6)

Σswhere the renormalized scalar self-energy   is given by 

Σs =
∑
i=p,n

g2
σ

m2
σ

2
(2π)3

∫ kFi

0
d3q

M∗

(q2+M∗2)1/2
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σ
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M
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− 5
2
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11
6

(M−M∗)3]. (7)

Σs = M−M∗

M∗
Together  with  the  consistent  relation  ,  the
nucleon effective mass   can be obtained numerically.

The  meson  effective  mass  is  defined  by  the  second
derivative  of  the  Lagrangian  against  the  meson  field
around its static and mean values
 

m∗2σ = −
∂2L
∂ϕ2

0
,

m∗2ω =
∂2L
∂ω2

0
,

m∗2ρ =
∂2L
∂b2

0
. (8)

The photon and various meson propagators are expli-
citly given as follows [54]:

dg = −
e2

q2
= −4πα

q2
, (9)

 

dσ =
g2
σ((m∗2ρ −q2)(m∗2ω −q2)− (16gωgρΛvW0B0)2)

(m∗2ρ −q2)(m∗2ω −q2)(m∗2σ −q2)− (16gωgρΛvW0B0)2(m∗2σ −q2)+ (2gσωω0ϕ0)2(m∗2ρ −q2)
, (10)

 

dω =
g2
ω(m∗2ρ −q2)(m∗2σ −q2)

(m∗2ρ −q2)(m∗2ω −q2)(m∗2σ −q2)− (16gωgρΛvW0B0)2(m∗2σ −q2)+ (2gσωω0ϕ0)2(m∗2ρ −q2)
, (11)
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ρ((m
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ω −q2)(m∗2σ −q2)+ (2gσωω0ϕ0)2)

(m∗2ρ −q2)(m∗2ω −q2)(m∗2σ −q2)− (16gωgρΛvW0B0)2(m∗2σ −q2)+ (2gσωω0ϕ0)2(m∗2ρ −q2)
, (12)

 

dωρ =
−16g2

ωg2
ρΛvW0B0(m∗2σ −q2)

(m∗2ρ −q2)(m∗2ω −q2)(m∗2σ −q2)− (16gωgρΛvW0B0)2(m∗2σ −q2)+ (2gσωω0ϕ0)2(m∗2ρ −q2)
, (13)

 

dσω =
2gωgσgσωω0ϕ0(m∗2ρ −q2)

(m∗2ρ −q2)(m∗2ω −q2)(m∗2σ −q2)− (16gωgρΛvW0B0)2(m∗2σ −q2)+ (2gσωω0ϕ0)2(m∗2ρ −q2)
, (14)

W0 ≡ gωω0 B0 ≡ gρb0where  ,  and  .  The  longitudinal
propagator matrix in Eq. (4) now reads 

DL =

à
dg 0 −dg 0

0 −dσ dσω dσω
−dg dσω dg+dV +2dωρ dI

0 dσω dI dV −2dωρ

í
,

(15)

dV = dω+dρ dI = dω−dρ
gσω

with  ,  and  .  Without  the  scalar-
vector  coupling    in  Eqs.  (10)−(15),  the  propagator
matrix reduces to that in Ref. [52].

Here,  we  specifically  focus  on  a  simple  neutron  star

composition  consisting  merely  of  protons,  neutrons,  and
electrons.  The  energy  density  of  neutron  star  matter  is
given as 

ε =
∑

i=p,n,e

2
(2π)3

∫ kFi

0
d3q(q2+M∗2)1/2

+
1
2

m2
ωω

2+
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2
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ρρ

2+
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2

m2
σσ

2+URen.(ϕ)

+12Λvg2
ρg

2
ωω

2ρ2+εvac, (16)

εvac

p = ρ2∂(ε/ρ)/∂ρ

where   is the finite vacuum fluctuation energy density
[50]. The  pressure  can  be  obtained  from  the   thermody-
namic relation:  .
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From  the  energy  density,  we  can  get  the  symmetry
energy 

Esym =
1
2
∂2(ε/ρ)
∂δ2

∣∣∣
δ=0
, (17)

δ = (ρn−ρp)/ρBwhere   is the isospin asymmetry paramet-
er. The slope of the asymmetry energy at saturation dens-
ity is defined as 

L = 3ρ0
∂Esym

∂ρ

∣∣∣
ρ0
. (18)

In the slow rotation scenario, the moment of inertia of
a  uniformly  rotating  axially  symmetric  neutron  star  is
given by [55−57] 

I ≡ J
Ω
=

8π
3

∫ R

0
r4e−ν(r) ω̄(r)

Ω

(ε(r)+P(r))√
1−2GM(r)/r

dr, (19)

ν(r)
ω̄(r) M(r) P(r)

where  J  is the  angular  momentum,  Ω  is  a  stellar   fre-
quency,   is the spherically symmetric metric function,

 is the relative frequency, and   and   are the
stellar  mass  and  pressure  profiles,  respectively.  The
crustal moment of inertia is given as 

Icr =
8π
3

∫ R

Rt

r4e−ν(r) ω̄(r)
Ω

(ε(r)+P(r))√
1−2GM(r)/r

dr, (20)

Rt

∆I/I

where    is the  radius  from  the  star  center  to  the   trans-
ition  density.  These  are  the  complete  expressions  of  the
moments of inertia, and the details can be referred to Ref.
[55].  The  fraction  of  the  crustal  moment  of  inertia 
now reads 

∆I/I =
Icr

I
. (21)

In literature [58], there is a frequently used approxim-
ate expression for the fraction of moments of inertia 

∆I
I
�

28πPtR3

3MNS · c2

(1−1.67β−0.6β2)
β

×
ï

1+
2Pt(1+5β−14β2)

ρt Mc2β2

ò−1

, (22)

β =GMNS /Rc2

MNS

Pt ≪ εt M(Rt) ≃ M ω̄(Rt) ≃ ω̄(R)

where    is  the  compactness  parameter,  and
 and R are the neutron star mass and radius, respect-

ively.  Equation  (22)  holds  on  the  following  conditions:
,  , and  . 

III.  RESULTS AND DISCUSSIONS

gσω
c3

gσω c3

gσω
c3

gσω c3

250 < κ < 315
κ = 240±20

208

240 ∼ 300

Our models include the nonlinear σ meson self-inter-
actions  in  the  RHA to  reduce  the  compression  modulus,
as well  as  the scalar-vector coupling ( )  and ω-meson
self-interacting ( ) terms to increase the matter pressure
and  maximum  mass  of  neutron  stars.  By  including  the
parameters   and  , we have developed three paramet-
erizations,  namely,  RHAn1c,  RHAn2c,  and  RHAn3c,
based on the previous ones without the coupling   and
 [48]. All these models are carefully constrained by the

saturation  properties  of  nuclear  matter;  see  Table  1.  In
Table  1,  some properties  of  neutron stars  are  also listed,
and the increase in the maximum mass of the neutron star
can be observed due to the inclusion of the coupling para-
meters   and  . Note that analysis based on the avail-
able  open-shell  nuclei  allows  for  incompressibility  in  a
larger  range  of    MeV,  although  it  dwells
well  in  the  range  of   MeV from the  analysis
of the isoscalar giant monopole resonances in closed shell
nuclei such as  Pb [59−61]. Since the focus of our work
is not the accuracy of incompressibility, we quote it  in a
reasonable  range  of   MeV.  The  pressures  as  a
function of density, calculated using three nonlinear RHA
parameter sets, are shown in Fig. 1. It can be seen that the
curves of  the  nonlinear  RHA parameter  sets  are  consist-
ent  with  the  constraints  of  the  collective  flow data  [62].
Moreover,  we  mention  that  the  pressure  of  pure  neutron
matter  obtained  with  current  parametrizations  is
basically consistent with that from the microscopic chiral
NN and 3N interactions  at  an  applicable  low density,  as
discussed in literature [48].

 

Mmax∗
NS

gσω c3

Eb = −16
ρ0 = 0.16 fm−3 ρt R1.4 M⊙

−3

Table 1.    Main parameters of RHAnc Models and properties of nuclear matter and neutron stars.   is the maximum neutron star
mass in RHAn Models without   and  . The masses of σ, ω, and ρ mesons are 512, 783, and 770 MeV, respectively. The paramet-
rizations are constrained by the saturation properties, including the binding energy per nucleon   MeV, incompressibility κ, and
vanishing pressure at saturation density  . The transition density  , incompressibility κ, and radius   of 1.4  star are
in units of fm , MeV, and km, respectively.

Model gσ gρ gω g2 g3 gσω c3 M∗/M ρt κ R1.4 Mmax
NS /M⊙ Mmax∗

NS /M⊙

RHAn1c 7.72 4.03 8.45 25.19 21.16 0.5 0.0 0.782 0.081 300 13.62 2.048 2.03

RHAn2c 7.59 4.06 7.96 35.58 39.24 0.5 -4.3 0.800 0.081 270 13.44 2.012 1.91

RHAn3c 7.47 4.10 7.39 51.11 88.90 7.0 -9.0 0.820 0.079 240 13.35 1.975 1.72
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With the EOS of the nonlinear RHA models as an in-
put for neutron stars, the resulting mass versus radius re-
lationship  can  be  solved  by  the  Tolman-Oppenhaimer-
Volkoff  equation.  The  mass-radius trajectories  of   neut-
ron stars  that  include  the  composition  of  neutrons,   pro-
tons,  and  electrons  are  depicted  in  Fig.  2.  It  shows  that
the  star  radii  predicted  by  our  models  agree  well  with
those  extracted  from  the  NICER  measurements  of  the
pulsars J0030+0451 and J0740+6620 [63−65]. Fig. 2 also
shows the 68% and 95% confidence intervals for the rela-
tionship  between  mass  and  radius  in  Ref.  [64]. The  pre-
dicted  maximum  masses  of  neutron  stars  are  within  or
close to the large-mass constraints.

gσω c3

gσω c3

M⊙ M⊙

In nonlinear RHA models, the nucleon effective mass
at  saturation  density  is  approximately  0.8M,  which  is
quite larger than 0.6M in the usual relativistic mean field
(RMF) models. The conversion of nucleon mass into en-
ergy  and  pressure  is  crucial  for  sustaining  a  large-mass
neutron  star.  In  order  to  reduce  the  nucleon  effective
mass,  the  isoscalar  scalar-vector  coupling  (in  terms  of

) and ω-meson self-interaction (in terms of  )  terms
are  included  for  such  conversion  in  light  of  the  relevant
fact  that  the σ  and ω mesons are  responsible   predomin-
antly for the reduction of nucleon mass and the repulsion
needed  for  sufficient  pressure,  respectively.  Thus,  the
nucleon  effective  mass  can  be  reduced  moderately  with
the  inclusion  of  the  coupling    and  ,  leading  to  a
moderate  increase  in  the  maximum  mass  of  the  neutron
star, as seen in Table 1. As a result, the maximum masses
of  neutron  stars  with  the  RHAn1c  and  RHAn2c  agree
well  with  astrophysical  observations  of  massive  neutron
stars  PSR  J1614-2230  [66,  67],  PSR  J0348+0432  [68],
and  PSR  J0740+6620  [69,  70].  The  maximum  mass  of
1.975   with the RHAn3c is  very close to 2 ,  albeit
with  a  small  deviation.  The  insufficient  maximum  mass
can  be  understood  from the  tendency  of  nonlinear  RHA

M⊙

models: as the incompressibility κ decreases, the nucleon
effective mass increases, and the maximum mass of neut-
ron star  decreases.  Note  that  the  inclusion of  muons can
lead to moderate softening of the EOS and a small reduc-
tion of approximately 0.026   in the maximum neutron
star mass.

ρt

mσ

gσω c3

mσ

ρt

q2
µ = m2

σ Πs

gσω
c3

ρt −mσ

We now use these nonlinear RHA models to investig-
ate  the  core-crust  transition  density  . Fig.  3  shows  the
transition  density  as  a  function  of    in  the  nonlinear
RHA models with and without the couplings   and  .
When  the    changes  here  or  elsewhere,  the  saturation
properties always remain unchanged by readjusting other
parameters concerning the σ meson. The transition dens-
ity    is  sensitively  dependent  on  the  renormalization
point ( ) of the scalar polarization   when includ-
ing  the  vacuum  contribution  in  nonlinear  RHA  models
[48]. Figure 3 clearly illustrates that the incorporation of
the  scalar-vector  coupling  ( )  and ω-meson  self-inter-
action  ( )  in  the  nonlinear  RHA  models  has  an  almost
negligible impact on the   correlation.

ρt

ρt Pt

∆I/I
Λv

gρ

In  our  previous  work  [48], the  effects  of  the   sym-
metry  energy  and  its  slope  on    were briefly   investig-
ated;  the  symmetry  energy  and  its  slope L  change  with
the  density  coherently  without  the  freedom  to  adjust  L.
To systematically investigate the effects of the symmetry
energy and its slope on  ,  , neutron star radius R, and

,  an  additional  isoscalar-isovector  coupling  term  in
terms of the parameter   is included to reduce the slope
of  the  symmetry  energy  through  increasing  the ρ meson
effective  mass.  With  the  inclusion  of  the  isoscalar-isov-
ector coupling and readjustment of the parameter  ,  the
symmetry energy at saturation density can be constrained

 

Fig.  2.      (colour online)  The neutron star  mass versus radius
with  three  nonlinear  RHA  parameter  sets.  In  Refs.  [66−70],
the astrophysical constraints of large mass neutron star obser-
vations are shown as horizontal shadow regions. The deep and
light green areas represent 68% and 95% confidence intervals
constrained by  PSR  J0030+0451  NICER  analysis,   respect-
ively [64].

 

Fig.  1.      (color  online)  Pressure  as  a  function  of  density  for
symmetric nuclear matter.  The blue area constraints are from
the collective flow data [62].
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ρt

ρt

ρt mσ

Pt

R1.4

ρt

within a small domain [49]. This modification enables us
to  adjust  the  slope  of  the  symmetry  energy  separately.
Thus, our results, as seen in the relation between   and L
in Fig. 4 (a), align with previous studies [40−42] that es-
tablish an inverse correlation between   and L. In  addi-
tion, the variation of   in a reasonable range of   due to
the vacuum  contribution  is  comparable  to  that  by   chan-
ging  the  symmetry  energy  slope L  in  a  large  range.  As
shown in Fig. 4 (b),   is not a monotonous function of L.
It first increases and then decreases with L. It can be ob-
served  from Fig.  4  (c)  that  increasing  the  slope L while
keeping the  symmetry  energy  unchanged  leads  to  an   in-
crease in the radius of the canonical neutron star   and
a decrease in the   in these RHAn models.

∆I/I
ρt Pt

Pt ρt

Pt R3 ρt

Pt R3 ρt

ρt Pt

Now, we  can  calculate  the  ratio  of  the  crustal   mo-
ment of inertia  , as it relies on three physical quantit-
ies:  ,  transition  pressure  ,  and  neutron  star  radius R,
as seen from the approximate formula in Eq. (22); given
the nuclear EOS,   and R can be obtained after   is de-
termined.  We can  simply  decompose  Eq.  (22)  into  three
parts:  ,  ,  and  the  remaining  part  containing  .  By
comparing these components and analyzing the results in
Fig. 5, we find that the effects of  ,  , and   are of the
same magnitude and should be given equal consideration
since  the  difference  in  the  slope L  can  well  specify  the
variation of the neutron star radius [4−8] and the correla-
tion with   and   [42−47].

R1.4 Pt ∆I/I
ρt

∆I/I
Pt

ρt ∆I/I

The  RHAn1c  model  results  in Fig.  5  can  be  divided
into three domains. In the small L domain, increasing ra-
dius    and    have  a  positive  impact  on  ,  which
exceeds the negative impact  of  decreasing  .  Therefore,

 significantly increases with the increase in L. In the
intermediate L  domain,  the  increase  of    starts  to  slow
down,  and  it  gradually  decreases,  resulting  in  a  balance
between  the  counteracting  roles  of R  and    in  .  At

∆I/I

R1.4

ρt ∆I/I

this domain, the increase in   becomes very small, or
the  value  even  decreases  with  the  increase  of L.  Finally,
as L exceeds around 70 MeV, the rate of increase in 
shows a slight acceleration, while the rate of decrease in
  decelerates,  resulting  in  a  gradual  rise  in  .  The

situation  is  generally  similar  to  the  results  with  HAn2c

 

ρt

mσ

gσω c3 Λv = 0
Esym = 33

Fig.  3.      (color  online)  Core-crust  transition  density    as  a
function  of    in  three  nonlinear  RHA  models  with  and
without the parameters   and  . Here,   is taken, and
the symmetry energy at saturation density is fixed at 
MeV.

 

Pt R1.4 ρtFig. 4.     ,  , and   as a function of the slope of the sym-
metry energy L with the RHAn1c, RHAn2c, and RHAn3c.

 

∆I/I

1.4M⊙

Fig.  5.      Fraction  of  crustal  moment  of  inertia    in  the
 neutron star as a function of the slope of symmetry en-

ergy L with  three  nonlinear  RHA models.  The  thin  blue  and
thick black curves are the results  obtained from Eq. (21) and
Eq. (22), respectively.
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∆I/I

∆I/I

∆I/I ≥ 7

and  RHAn3c  in  Fig.  5,  though in  the  small  L  domain,
 is rather flat for the parametrization RHAn3c, which

has  a  smaller  incompressibility.  The  complete  values  of
 with the formula in Eq. (21) are also shown in Fig. 5

and  the  figures  below.  We  can  see  that  the  results  from
Eq.  (21)  tend  to  be  generally  higher  than  those  obtained
from Eq.  (22)  in Fig.  5. Based on these  results  and ana-
lyses, achieving the goal of  % by simply increas-
ing the slope of symmetry energy within a valid range is
generally difficult  in the RHAn models,  although the re-
quired crustal moment of inertia can be satisfied in some
RMF models [43, 55].

ρt −mσ

∆I/I ≥ 7

g2
σ/m

2
σ

mσ

Pt R1.4 mσ

∆I/I ≥ 7

∆I/I

L = 86.8

mσ

mσ

ρt ρt

Pt ≪ εt M(r) ≃ M
Pt/εt

M(r)/M

mσ ∆I/I ≥ 7

As a significant positive   correlation, shown in
Fig. 3, exists for the inclusion of the vacuum polarization,
we  intend  to  investigate  whether  altering  the  mass  of  σ
meson within a reasonable region can lead to  %.
In the nonlinear RHA models, the increase in the σ meson
mass decreases the ratio   to preserve the saturation
property.  Consequently,  the  increase  of    and the   cor-
responding  change  in  parameters  lead  to  an  increase  in
the    and  radius  .  Hence,  increasing    makes  it
easier  to  achieve  %,  as  shown  in Figs.  6  and 7,
thus reproducing the pulsar glitch. By comparing the res-
ults in Figs. 6 and 7, it is clear that the approximate 
in Eq.  (22)  are  generally  smaller  than  the  complete   res-
ults in Eq. (21). Notably, for larger L, e.g.,   MeV,
the difference between the two cases increases rapidly as

increases. This  large  difference  occurs  because   in-
creasing   under a larger L will lead to a more rapid in-
crease  in    up  to  saturation  density.  When  the    ap-
proaches  or  exceeds  saturation  density,  the  conditions

  and  ,  necessary  for  the  formula  in  Eq.
(22), gradually fail owing to an increase in   and a de-
crease  in  ,  widening  the  separation  between  the
results  obtained  from  Eqs.  (21)  and  (22).  Interestingly,
the   required to reach the limit of  % with the
complete formula in Eq. (21) is smaller than that with the
approximate formula in Eq. (22), see the results in Figs. 6
and 7.

Accordingly,  the  occurrence  of  pulsar  glitches  is
largely attributed to the significant effect of the vacuum,
in which the scalar vacuum polarization plays a vital and
indispensable role. We stress that incorporating the vacu-
um effect is crucial for the crustal moment of inertia and
the glitch phenomena of pulsars. Recognizing that the tra-
ditional  RMF  models  do  neglect  the  vacuum  effect  and
many  RMF  models  are  renormalizable  according  to  the
apparent  dimension  analysis,  one  can  provide  a  more
reasonable description of the glitch phenomena by renor-
malizing the vacuum contribution in many RMF models.

ρt

mσ

mσ

Here,  it  is  worth  mentioning  that    is almost   inde-
pendent of   in the usual RMF models [48]. Currently,
various extractions limit  the σ meson mass to a range of
400 to near 650 MeV [71]. Though the finite nuclei prop-
erties limit the value of   to some extent in some many-

mσ

g2 g3

mσ

mσ

body approximations, the value of   cannot be even de-
termined solely but is dependent on the σ meson self-in-
teractions  ( ,    terms)  in  the  RMF  approximation.  In
the fit to properties of finite nuclei, the value of   scat-
ters  in  a  large  range,  approximately  from  450  to  600
MeV,  relying  on  various  considerations  of  the  in-medi-
um correlation effects. A special case to release the con-
straint  on the meson masses  is  the point  coupling model
[72]. Without  much  consideration  of  the  correlation   ef-
fect on finite systems in this work, we took   as an ad-
justable parameter in a reasonably acceptable range in the
nonlinear RHA models that  are constrained by the prop-
erties  of  bulk  matters.  In  addition,  these  correlations
would be tested with the self-consistent models that give
a proper account of the finite nuclei properties once the σ-

 

∆I/I 1.4M⊙

Fig.  6.      (color online)  Fraction  of  crustal  moment  of   iner-
tia  in the   neutron star as a function of the mass of σ
meson. The  results  are  obtained  using  the  approximate   for-
mula in Eq. (22).

 

∆I/I 1.4M⊙

Fig.  7.      (color  online)  Fraction of  crustal  moment  of  inertia
 in the   neutron star as a function of the mass of σ

meson. The results are obtained using the complete formula in
Eq. (21).
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meson  mass  can  be  measured  accurately  or  specified  to
be an unadjustable parameter. 

IV.  SUMMARY

ρt

Pt ∆I/I

ρt

R1.4

In this study, we use the nonlinear RHA models to in-
vestigate the neutron star  properties,  including the mass-
radius trajectories,  core-crust  transition density    , pres-
sure  ,  and ratio of the crustal moment of inertia,  ,
necessary for the pulsar glitch.  The models are extended
to include the scalar-vector and ω-meson self-interacting
terms  and  isoscalar-isovector  coupling  term  to  increase
the maximum mass of neutron stars and adjust  the slope
of the symmetry energy, respectively. Emphasis is placed
on analyzing the key factors affecting the transition dens-
ity obtained in the relativistic  RPA with the inclusion of
the  renormalized  vacuum contribution.  The  vacuum and
the  slope  of  the  symmetry  energy  are  found  to  have  a
comparable role in the variation of  . The predictions of
the nonlinear RHA models are found to align with astro-
physical  observations  on  the  maximum mass  of  neutron
stars  and  canonical  radius  .  Our  study  analyzes  the

mσ

∆I/I

ρt Pt ∆I/I

∆I/I ≥ 7

ρt

mσ Pt

mσ

mσ

∆I/I ≥ 7

impact  of    and  slope  of  symmetry  energy  on  the
crustal moment of inertia   in neutron stars using the
nonlinear RHA model, with the inclusion of vacuum po-
larization.  Though  the  slope  of  symmetry  energy  affects
,  ,  and R,  which  all  contribute  to  determining  ,

our  research  indicates  that  merely  adjusting  the  slope  of
symmetry energy  within  a  reasonable  region  is   inad-
equate  to  achieve  %, which  is  necessary  to   ac-
count  for  the  Vela  pulsar's  significant  glitches.  With  the
inclusion  of  the  finite  contribution  of  the  scalar  vacuum
polarization, the   exhibits a direct increase with the rise
of  ,  whereas  the   and radius R experience an  indir-
ect increase with the rise of  . Therefore, together with
the density  dependence  of  the  symmetry  energy   con-
strained  by  various  experiments,  adjusting    proves  to
be an effective method to attain  %. 

ACKNOWLEDGEMENTS

We thank  the  Big  Data  Computing  Center  of  South-
east  University  for  providing  the  facility  support  for  the
numerical calculations in this study.

 

 

References 

 B. A. Li,  L.  W. Chen,  and C.  M. Ko, Phys.  Rep. 464, 113
(2008)

[1]

 W. Z. Jiang, Phys. Rev. C 81, 044306 (2010)[2]
 C. J.  Horowitz,  E.  F.  Brown, Y. Kim et  al., J.  Phys.  G 41,
093001 (2014)

[3]

 J. M. Lattimer, M. Prakash, Phys. Rep. 621, 127 (2016)[4]
 S. H. Yang, X. P. Zheng, and C. M. Pi, Phys. Lett.  B 683,
255 (2010)

[5]

 A. W. Steiner and S. Gandolfi, Phys. Rev. Lett. 108, 081102
(2012)

[6]

 D. H. Wen, W. G. Newton, and B. A. Li, Phys. Rev. C 85,
025801 (2012)

[7]

 J. M. Lattimer, Annu. Rev. Nucl. Part. Sci. 62, 485 (2012)[8]
 W. Z. Jiang, Phys. Lett. B 642, 28 (2006)[9]
 W. Z.  Jiang,  B.  A.  Li,  and L.  W. Chen, Astrophys.  J. 756,
56 (2012)

[10]

 W. Z. Jiang, R. Y. Yang, and D. R. Zhang, Phys. Rev. C 87,
064314 (2013)

[11]

 Q. F. Xiang, W. Z. Jiang, D. R. Zhang et al., Phys. Rev. C
89, 025803 (2014)

[12]

 Z.  F.  Gao,  H.  Shan,  W.  Wang  et  al.,  Astron.  Nachr.  338,
1066 (2017)

[13]

 H.  Liu,  J.  Xu,  and  P.  C.  Chu,  Phys.  Rev.  D  105,  043015
(2022)

[14]

 M. Oertel,  M. Hempel,  T.  Klähn, and S. Typel, Rev. Mod.
Phys. 89, 015007 (2017)

[15]

 B.  A.  Li,  B.  J.  Cai,  L.  W.  Chen,  J.  Xu,  Prog.  Part.  Nucl.
Phys. 99, 29 (2018)

[16]

 D.  Adhikari,  H.  Albataineh,  D.  Androic  et  al.,  Phys.  Rev.
Lett. 126, 172502 (2021)

[17]

 B. T. Reed, F. J. Fattoyev, C. J. Horowitz et al., Phys. Rev.
Lett. 126, 172503 (2021)

[18]

 N.  Duncan,  R.  Preston,  N.  G.  William  et  al.,  Phys.  Rev.[19]

Lett. 130, 112701 (2023)
 W. Z. Jiang,  B.  A. Li,  and L.  W. Chen, Phys.  Lett.  B 653,
184 (2007)

[20]

 S. N. Wei, W. Z. Jiang, R. Y. Yang et al., Phys. Lett. B 763,
145 (2016)

[21]

 Y. L. Ma and M. Rho, Phys. Rev. D 97, 094017 (2018)[22]
 N.  Li,  S.  N.  Wei,  and  W.  Z.  Jiang,  Symmetry  14,  474
(2022)

[23]

 C. Xu, B. A. Li, and L. W. Chen, Phys. Rev. C 82, 054607
(2010)

[24]

 X. H. Li, B. J. Cai, L. W. Chen et al., Phys. Lett. B 721, 101
(2013)

[25]

 R. Yang,  S.  Wei,  and W. Jiang, Chin.  Phys.  C 42, 024102
(2018)

[26]

 B. Link, R. I. Epstein, and J. M. Lattimer, Phys. Rev. Lett.
83, 3362 (1999)

[27]

 S. N. Wei, R. Y. Yang, and W. Z. Jiang, Chin. Phys. C 42,
74 (2018)

[28]

 B. P. Abbott et al., Phys. Rev. Lett. 121, 161101 (2018)[29]
 W. Z. Shangguan, Z. Q. Huang, S. N. Wei et al., Phys. Rev.
D 104, 063035 (2021)

[30]

 M. Ruderman, Nature 223, 597 (1969)[31]
 D. Pines, J. Shaham, and M. Ruderman, Nat. Phys. Sci. 237,
83 (1972)

[32]

 P. W. Anderson and N. Itoh, Nature 256, 25 (1975)[33]
 D. Pines and M. Alpar, Nature 316, 27 (1985)[34]
 J. M. Lattimer and M. Prakash, Science 304, 536 (2004)[35]
 J. M. Lattimer and M. Prakash, Phys. Rep. 442, 109 (2007)[36]
 N. Chamel, Phys. Rev. Lett. 110, 011101 (2013)[37]
 N.  Andersson,  K.  Glampedakis,  W.  C.  G.  Ho et  al.,  Phys.
Rev. Lett. 109, 241103 (2012)

[38]

 N. Chamel, Phys. Rev. C 85, 035801 (2012)[39]
 C.  Ducoin,  J.  Margueron,  and  C,  Providência,  Europhys.
Lett. 91, 32001 (2010)

[40]

 W.  G.  Newton,  M.  Gearheart,  and  B.  A.  Li, Astrophys.  J.[41]

Niu Li, Si-Na Wei, Rong-Yao Yang et al. Chin. Phys. C 48, 034105 (2024)

034105-8

https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1103/PhysRevC.81.044306
https://doi.org/10.1088/0954-3899/41/9/093001
https://doi.org/10.1088/0954-3899/41/9/093001
https://doi.org/10.1088/0954-3899/41/9/093001
https://doi.org/10.1088/0954-3899/41/9/093001
https://doi.org/10.1088/0954-3899/41/9/093001
https://doi.org/10.1088/0954-3899/41/9/093001
https://doi.org/10.1088/0954-3899/41/9/093001
https://doi.org/10.1088/0954-3899/41/9/093001
https://doi.org/10.1088/0954-3899/41/9/093001
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.1016/j.physletb.2009.12.038
https://doi.org/10.1016/j.physletb.2009.12.038
https://doi.org/10.1016/j.physletb.2009.12.038
https://doi.org/10.1016/j.physletb.2009.12.038
https://doi.org/10.1016/j.physletb.2009.12.038
https://doi.org/10.1016/j.physletb.2009.12.038
https://doi.org/10.1016/j.physletb.2009.12.038
https://doi.org/10.1016/j.physletb.2009.12.038
https://doi.org/10.1016/j.physletb.2009.12.038
https://doi.org/10.1103/PhysRevLett.108.081102
https://doi.org/10.1103/PhysRevLett.108.081102
https://doi.org/10.1103/PhysRevLett.108.081102
https://doi.org/10.1103/PhysRevLett.108.081102
https://doi.org/10.1103/PhysRevLett.108.081102
https://doi.org/10.1103/PhysRevLett.108.081102
https://doi.org/10.1103/PhysRevLett.108.081102
https://doi.org/10.1103/PhysRevLett.108.081102
https://doi.org/10.1103/PhysRevLett.108.081102
https://doi.org/10.1103/PhysRevC.85.025801
https://doi.org/10.1103/PhysRevC.85.025801
https://doi.org/10.1103/PhysRevC.85.025801
https://doi.org/10.1103/PhysRevC.85.025801
https://doi.org/10.1103/PhysRevC.85.025801
https://doi.org/10.1103/PhysRevC.85.025801
https://doi.org/10.1103/PhysRevC.85.025801
https://doi.org/10.1103/PhysRevC.85.025801
https://doi.org/10.1103/PhysRevC.85.025801
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1016/j.physletb.2006.09.020
https://doi.org/10.1088/0004-637X/756/1/56
https://doi.org/10.1088/0004-637X/756/1/56
https://doi.org/10.1088/0004-637X/756/1/56
https://doi.org/10.1088/0004-637X/756/1/56
https://doi.org/10.1088/0004-637X/756/1/56
https://doi.org/10.1088/0004-637X/756/1/56
https://doi.org/10.1088/0004-637X/756/1/56
https://doi.org/10.1088/0004-637X/756/1/56
https://doi.org/10.1088/0004-637X/756/1/56
https://doi.org/10.1103/PhysRevC.87.064314
https://doi.org/10.1103/PhysRevC.87.064314
https://doi.org/10.1103/PhysRevC.87.064314
https://doi.org/10.1103/PhysRevC.87.064314
https://doi.org/10.1103/PhysRevC.87.064314
https://doi.org/10.1103/PhysRevC.87.064314
https://doi.org/10.1103/PhysRevC.87.064314
https://doi.org/10.1103/PhysRevC.87.064314
https://doi.org/10.1103/PhysRevC.87.064314
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1002/asna.201713437
https://doi.org/10.1002/asna.201713437
https://doi.org/10.1002/asna.201713437
https://doi.org/10.1002/asna.201713437
https://doi.org/10.1002/asna.201713437
https://doi.org/10.1002/asna.201713437
https://doi.org/10.1002/asna.201713437
https://doi.org/10.1002/asna.201713437
https://doi.org/10.1002/asna.201713437
https://doi.org/10.1103/PhysRevD.105.043015
https://doi.org/10.1103/PhysRevD.105.043015
https://doi.org/10.1103/PhysRevD.105.043015
https://doi.org/10.1103/PhysRevD.105.043015
https://doi.org/10.1103/PhysRevD.105.043015
https://doi.org/10.1103/PhysRevD.105.043015
https://doi.org/10.1103/PhysRevD.105.043015
https://doi.org/10.1103/PhysRevD.105.043015
https://doi.org/10.1103/PhysRevD.105.043015
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1016/j.ppnp.2018.01.001
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1103/PhysRevLett.130.112701
https://doi.org/10.1016/j.physletb.2007.08.004
https://doi.org/10.1016/j.physletb.2007.08.004
https://doi.org/10.1016/j.physletb.2007.08.004
https://doi.org/10.1016/j.physletb.2007.08.004
https://doi.org/10.1016/j.physletb.2007.08.004
https://doi.org/10.1016/j.physletb.2007.08.004
https://doi.org/10.1016/j.physletb.2007.08.004
https://doi.org/10.1016/j.physletb.2007.08.004
https://doi.org/10.1016/j.physletb.2007.08.004
https://doi.org/10.1016/j.physletb.2016.10.019
https://doi.org/10.1016/j.physletb.2016.10.019
https://doi.org/10.1016/j.physletb.2016.10.019
https://doi.org/10.1016/j.physletb.2016.10.019
https://doi.org/10.1016/j.physletb.2016.10.019
https://doi.org/10.1016/j.physletb.2016.10.019
https://doi.org/10.1016/j.physletb.2016.10.019
https://doi.org/10.1016/j.physletb.2016.10.019
https://doi.org/10.1016/j.physletb.2016.10.019
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.3390/sym14030474
https://doi.org/10.3390/sym14030474
https://doi.org/10.3390/sym14030474
https://doi.org/10.3390/sym14030474
https://doi.org/10.3390/sym14030474
https://doi.org/10.3390/sym14030474
https://doi.org/10.3390/sym14030474
https://doi.org/10.3390/sym14030474
https://doi.org/10.3390/sym14030474
https://doi.org/10.1103/PhysRevC.82.054607
https://doi.org/10.1103/PhysRevC.82.054607
https://doi.org/10.1103/PhysRevC.82.054607
https://doi.org/10.1103/PhysRevC.82.054607
https://doi.org/10.1103/PhysRevC.82.054607
https://doi.org/10.1103/PhysRevC.82.054607
https://doi.org/10.1103/PhysRevC.82.054607
https://doi.org/10.1103/PhysRevC.82.054607
https://doi.org/10.1103/PhysRevC.82.054607
https://doi.org/10.1016/j.physletb.2013.03.005
https://doi.org/10.1016/j.physletb.2013.03.005
https://doi.org/10.1016/j.physletb.2013.03.005
https://doi.org/10.1016/j.physletb.2013.03.005
https://doi.org/10.1016/j.physletb.2013.03.005
https://doi.org/10.1016/j.physletb.2013.03.005
https://doi.org/10.1016/j.physletb.2013.03.005
https://doi.org/10.1016/j.physletb.2013.03.005
https://doi.org/10.1016/j.physletb.2013.03.005
https://doi.org/10.1088/1674-1137/42/2/024102
https://doi.org/10.1088/1674-1137/42/2/024102
https://doi.org/10.1088/1674-1137/42/2/024102
https://doi.org/10.1088/1674-1137/42/2/024102
https://doi.org/10.1088/1674-1137/42/2/024102
https://doi.org/10.1088/1674-1137/42/2/024102
https://doi.org/10.1088/1674-1137/42/2/024102
https://doi.org/10.1088/1674-1137/42/2/024102
https://doi.org/10.1088/1674-1137/42/2/024102
https://doi.org/10.1103/PhysRevLett.83.3362
https://doi.org/10.1103/PhysRevLett.83.3362
https://doi.org/10.1103/PhysRevLett.83.3362
https://doi.org/10.1103/PhysRevLett.83.3362
https://doi.org/10.1103/PhysRevLett.83.3362
https://doi.org/10.1103/PhysRevLett.83.3362
https://doi.org/10.1103/PhysRevLett.83.3362
https://doi.org/10.1103/PhysRevLett.83.3362
https://doi.org/10.1103/PhysRevLett.83.3362
https://doi.org/10.1088/1674-1137/42/5/054103
https://doi.org/10.1088/1674-1137/42/5/054103
https://doi.org/10.1088/1674-1137/42/5/054103
https://doi.org/10.1088/1674-1137/42/5/054103
https://doi.org/10.1088/1674-1137/42/5/054103
https://doi.org/10.1088/1674-1137/42/5/054103
https://doi.org/10.1088/1674-1137/42/5/054103
https://doi.org/10.1088/1674-1137/42/5/054103
https://doi.org/10.1088/1674-1137/42/5/054103
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1103/PhysRevD.104.063035
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/223597b0
https://doi.org/10.1038/physci237083a0
https://doi.org/10.1038/physci237083a0
https://doi.org/10.1038/physci237083a0
https://doi.org/10.1038/physci237083a0
https://doi.org/10.1038/physci237083a0
https://doi.org/10.1038/physci237083a0
https://doi.org/10.1038/physci237083a0
https://doi.org/10.1038/physci237083a0
https://doi.org/10.1038/physci237083a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/256025a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1038/316027a0
https://doi.org/10.1126/science.1090720
https://doi.org/10.1126/science.1090720
https://doi.org/10.1126/science.1090720
https://doi.org/10.1126/science.1090720
https://doi.org/10.1126/science.1090720
https://doi.org/10.1126/science.1090720
https://doi.org/10.1126/science.1090720
https://doi.org/10.1126/science.1090720
https://doi.org/10.1126/science.1090720
https://doi.org/10.1126/science.1090720
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.110.011101
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevLett.109.241103
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1103/PhysRevC.85.035801
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1209/0295-5075/91/32001
https://doi.org/10.1088/0067-0049/204/1/9


Suppl. Ser. 204, 9 (2013)
 C. Ducoin, J.  Margueron, C. Providência et al., Phys. Rev.
C 83, 045810 (2011)

[42]

 J.  Piekarewicz,  F.  J.  Fattoyev,  and  C.  J.  Horowitz,  Phys.
Rev. C 90, 015803 (2014)

[43]

 M. Bigdeli and S. Elyasi, Eur. Phys. J. A 51, 38 (2015)[44]
 J. Xu, L. W. Chen, B. A. Li et al., Astrophys. J. 697, 1549
(2009)

[45]

 Ch. C. Moustakidis, T. Nikšić, G. A. Lalazissis et al., Phys.
Rev. C 81, 065803 (2010)

[46]

 F. Ji, J. Hu, S. Bao et al., Phys. Rev. C 100, 045801 (2019)[47]
 N. Li, W. Z. Jiang, Jing Ye et al., Phys. Lett. B 839, 137765
(2023)

[48]

 C. J. Horowitz and J. Piekarewicz, Phys. Rev. Lett. 86, 5647
(2001)

[49]

 S. A. Chin, Ann. Phys. 108, 301 (1977)[50]
 D.  B.  Serot  and  J.  D.  Walecka,  Adv.  Nucl.  Phys.  16,  1
(1986)

[51]

 J. Carriere, C. J. Horowitz, and J. Piekarewicz, Astrophys. J.
593, 463 (2003)

[52]

 H. Kurasawa and T. Suzuki, Nucl. Phys. A 490, 571 (1988)[53]
 J. Ye, J. Margueron, N. Li et al., Phys. Rev. C 108, 044312
(2023)

[54]

 F. J. Fattoyev and J. Piekarewicz, Phys. Rev. C 82, 025810
(2010)

[55]

 X. F. Zhao, H. Zhang, and H. Y. Jia, Chin. Phys. C 34, 1587
(2010)

[56]

 X. F. Zhao, Astrophys. 66, 84 (2023)[57]

 J. M. Lattimer and M. Prakash, Phys. Rep. 333, 121 (2000)[58]
 J. R. Stone, N. J. Stone, and S. A. Moszkowski, Phys. Rev.
C 89, 044316 (2014)

[59]

 X. Roca-Maza and N. Paar, Prog. Part. Nucl. Phys. 101, 96
(2018)

[60]

 M. M. Sharma, Nucl. Phys. A 816, 65 (2009)[61]
 P.  Danielewicz,  R.  Lacey,  and  W.  G.  Lynch, Science 298,
1592 (2002)

[62]

 T. E.  Riley,  A. L.  Watts,  S.  Bogdanov et  al., Astrophys.  J.
887, L21 (2019)

[63]

 M. C. Miller, F. K. Lamb, A. J. Dittmann et al., Astrophys.
J. 887, L24 (2019)

[64]

 T. E. Riley, A. L. Watts, P. S. Ray et al., Astrophys. J. Lett.
918, L27 (2021)

[65]

 P.  B.  Demorest,  T.  Pennucci,  S.  M.  Ransom et  al., Nature
467, 1081 (2010)

[66]

 E. Fonseca,  T.  T.  Pennucci,  J.  A. Ellis et  al., Astrophys.  J.
832, 167 (2016)

[67]

 J.  Antoniadis,  P.  C.  C.  Freire,  N.  Wex et  al., Science 340,
1233232 (2013)

[68]

 H.  T.  Cromartie,  E.  Fonseca,  S.  M.  Ransom  et  al.,  Nat.
Astron. 4, 72 (2020)

[69]

 E.  Fonseca,  H.  T.  Cromartie,  T.  T.  Pennucci  et  al.,
Astrophys. J. Lett. 915, L12 (2021)

[70]

 R. L. Workman, V. D. Burkert, V. Crede et al., Prog. Theor.
Exp. Phys. 2022, 083C01 (2022)

[71]

 T.  Bürvenich,  D.  G.  Madland,  J.  A.  Maruhn  et  al.,  Phys.
Rev. C 65, 044308 (2002)

[72]

Neutron star core-crust transition and the crustal moment of inertia in the... Chin. Phys. C 48, 034105 (2024)

034105-9

https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1088/0067-0049/204/1/9
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1103/PhysRevC.90.015803
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1140/epja/i2015-15038-7
https://doi.org/10.1088/0004-637X/697/2/1549
https://doi.org/10.1088/0004-637X/697/2/1549
https://doi.org/10.1088/0004-637X/697/2/1549
https://doi.org/10.1088/0004-637X/697/2/1549
https://doi.org/10.1088/0004-637X/697/2/1549
https://doi.org/10.1088/0004-637X/697/2/1549
https://doi.org/10.1088/0004-637X/697/2/1549
https://doi.org/10.1088/0004-637X/697/2/1549
https://doi.org/10.1088/0004-637X/697/2/1549
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.81.065803
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1103/PhysRevC.100.045801
https://doi.org/10.1016/j.physletb.2023.137765
https://doi.org/10.1016/j.physletb.2023.137765
https://doi.org/10.1016/j.physletb.2023.137765
https://doi.org/10.1016/j.physletb.2023.137765
https://doi.org/10.1016/j.physletb.2023.137765
https://doi.org/10.1016/j.physletb.2023.137765
https://doi.org/10.1016/j.physletb.2023.137765
https://doi.org/10.1016/j.physletb.2023.137765
https://doi.org/10.1016/j.physletb.2023.137765
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1016/0003-4916(77)90016-1
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1016/0375-9474(88)90014-0
https://doi.org/10.1103/PhysRevC.108.044312
https://doi.org/10.1103/PhysRevC.108.044312
https://doi.org/10.1103/PhysRevC.108.044312
https://doi.org/10.1103/PhysRevC.108.044312
https://doi.org/10.1103/PhysRevC.108.044312
https://doi.org/10.1103/PhysRevC.108.044312
https://doi.org/10.1103/PhysRevC.108.044312
https://doi.org/10.1103/PhysRevC.108.044312
https://doi.org/10.1103/PhysRevC.108.044312
https://doi.org/10.1103/PhysRevC.82.025810
https://doi.org/10.1103/PhysRevC.82.025810
https://doi.org/10.1103/PhysRevC.82.025810
https://doi.org/10.1103/PhysRevC.82.025810
https://doi.org/10.1103/PhysRevC.82.025810
https://doi.org/10.1103/PhysRevC.82.025810
https://doi.org/10.1103/PhysRevC.82.025810
https://doi.org/10.1103/PhysRevC.82.025810
https://doi.org/10.1103/PhysRevC.82.025810
https://doi.org/10.1088/1674-1137/34/10/007
https://doi.org/10.1088/1674-1137/34/10/007
https://doi.org/10.1088/1674-1137/34/10/007
https://doi.org/10.1088/1674-1137/34/10/007
https://doi.org/10.1088/1674-1137/34/10/007
https://doi.org/10.1088/1674-1137/34/10/007
https://doi.org/10.1088/1674-1137/34/10/007
https://doi.org/10.1088/1674-1137/34/10/007
https://doi.org/10.1088/1674-1137/34/10/007
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1007/s10511-023-09772-4
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1103/PhysRevC.89.044316
https://doi.org/10.1016/j.ppnp.2018.04.001
https://doi.org/10.1016/j.ppnp.2018.04.001
https://doi.org/10.1016/j.ppnp.2018.04.001
https://doi.org/10.1016/j.ppnp.2018.04.001
https://doi.org/10.1016/j.ppnp.2018.04.001
https://doi.org/10.1016/j.ppnp.2018.04.001
https://doi.org/10.1016/j.ppnp.2018.04.001
https://doi.org/10.1016/j.ppnp.2018.04.001
https://doi.org/10.1016/j.ppnp.2018.04.001
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1016/j.nuclphysa.2008.11.006
https://doi.org/10.1126/science.1078070
https://doi.org/10.1126/science.1078070
https://doi.org/10.1126/science.1078070
https://doi.org/10.1126/science.1078070
https://doi.org/10.1126/science.1078070
https://doi.org/10.1126/science.1078070
https://doi.org/10.1126/science.1078070
https://doi.org/10.1126/science.1078070
https://doi.org/10.1126/science.1078070
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308
https://doi.org/10.1103/PhysRevC.65.044308

	I INTRODUCTION
	II FORMALISM
	III RESULTS AND DISCUSSIONS
	IV SUMMARY
	ACKNOWLEDGEMENTS
	REFERENCES

