PHYSICAL REVIEW C 97, 035805 (2018)

Effects of the nucleon radius on neutron stars in a quark mean field model
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We study the effects of free space nucleon radius on nuclear matter and neutron stars within the framework of the
quark mean field model. The nucleon radius is treated self-consistently with this model, where quark confinement
is adjusted to fit different values of nucleon radius. Corrections due to center-of-mass motion, quark-pion coupling,
and one gluon exchange are included to obtain the nucleon mass in vacuum. The meson coupling constants that
describe the behavior of the many-body nucleonic system are constructed by reproducing the empirical saturation
properties of nuclear matter, including the recent determinations of symmetry energy parameters. Our results
show that the nucleon radius in free space has negligible effects on the nuclear matter equation of state and
neutron star mass-radius relations, which is different from the conclusion drawn in previous studies. We further
explore that the sensitivity of star radius on the nucleon radius found in earlier publications is actually from the

symmetry energy and its slope.
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I. INTRODUCTION

The equation of state (EoS) of cold dense matter has
attracted much attention from astronomers and nuclear physi-
cists, because it governs the structures of neutron stars (NSs)
and is still uncertain because of the poorly known nature of
strong interaction. The most controversial high density part of
the EoS might be probed through the ultradense matter present
in NSs’ cores and terrestrial heavy-ion collision experiments
[1]. The information of EoS of a NS is encoded in the mass-
radius relation that can be extracted from the observational
data. Therefore, the study of mass-radius relations of NSs can
help us determine the EoS of cold ultradense matter. Up to
now, masses of more than three dozen NSs have been measured
relatively precisely (see, e.g., Refs. [2,3]), but the estimation
of NS radii from observational data is highly uncertain (see
discussions in, e.g., Ref. [2]). Simultaneous measurements of
both mass and radius for one NS is even more difficult.

A recent work [4] connected the NS radius to the properties
of nucleons and concluded that the free nucleon radius ry could
significantly affect the NS radius R. The authors extended their
work [5] to slowly rotating NSs, taking into account more
constraints on nuclear matter properties beyond the saturation
density pg. The sensitivity of R on ry was similar. In the
present paper, we aim to reexamine this dependence within
an alternative framework. Below we explain our concerns and
motivations.

In the preceding papers [4,5], in order to explain the
proton radius puzzle (see the most recent discussions in,
e.g., Refs. [6,7]), the authors suggested that protons could
have a distribution of radii rather than a fixed size. They
varied ry from their fitted value 0.833 fm (later updated to
0.864 [8]) by +20%, and made use of a phenomenological
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density-dependent form of ry (p) = ry/[1 + B(p/p0)*]* in the
relativistic mean field (RMF) model for nucleon radius in
medium. The free parameter 8 is chosen to accord with the
results from the quark-meson coupling (QMC) model using a
constant bag parameter (B = const) in Ref. [9].

However, as found previously in Refs. [10—14], the medium
modification of the bag constant might play an important role
in low- and medium-energy nuclear physics. In particular, in
the two cases of bag parameter, i.e., constant or in-medium
changed (B = B*), the density-dependent behavior of ry(p)
is the opposite. Therefore, it could be very interesting to study
the above-mentioned ry vs R dependence using different 7y (p)
results. It may reveal important insights of quark structure
effects in a nucleon, which is crucial for understanding better
the short-range properties of nucleon-nucleon interaction (usu-
ally simplified as excluded volume effect in phenomenological
models like in Ref. [10]). Moreover, in the previous RMF study,
the protons and neutrons are treated as pointlike particles, so
the excluded volume effect and the density dependence of the
nucleon radius, ry(p), cannot be incorporated consistently in
the model and were adapted from the results of another QMC
calculation.

Above all, for the purpose of the present work, we employ
the quark mean field (QMF) model (e.g., Refs. [15-19])
where constituent quarks (m, = 300 MeV) are confined with
a potential in the harmonic oscillator form. The quark potential
has also been previously employed in, e.g., Refs. [20-23]. The
free space radii of nucleons (three values are chosen around
the CODATA 2014 value [24]) as well as their mass (my =
939 MeV) are our input for determining the quark potential
parameters. Its density dependence ry(p) are consistently
deduced from solving the Dirac equation for a nucleon in
medium. Then nucleons interact with each other through o, w, p
meson fields, with various meson coupling constants newly
fitted from the empirical values of (pg, E/A,J,K,L, M} /My)
at nuclear matter saturation point. The study of nuclear matter
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and NSs can be followed, and the influence of the employed ry
on nuclear matter EoS and NS properties can then be addressed
consistently within QMF.

In Sec. II, we briefly introduce the QMF model and the
fitting of model parameters; in Sec. III, results and discussions
are displayed. Finally, will summarize our work and conclude
in Sec. IV.

II. FORMALISM
A. QMF model

In the following, we will give a brief introduction to the
QMF model. This model starts with a flavor-independent
potential U(r) confining the constituent quarks inside the
nucleon. The potential has a harmonic oscillator form

Ur) = 31+ y"ar? + V), (1)

with the parameters a and V| to be determined. The Dirac
equation of the confined quarks is written as

-

[J/O(Gq — wqg® — T3quq:0) - J_/' P
—(mg — 8040) — U(r)]Yy(F) = 0. 2

Hereafter wq(?) is the quark field, and o, , and p are the
classical meson fields. g,4, gwq, and g,, are the coupling
constants of o,w, and p mesons with quarks, respectively. 73,
is the third component of isospin matrix. This equation can be
solved exactly and its ground-state solution for energy is

A
(e, - mﬁp@ =3, 3)

where A, = €; +my, 6; =€, — Vo/2, m; =my + Vo/2.
The effective single quark energy is given by €; =€, —
8qw® — T3984pp and the effective quark mass by m; = my —
8040 With the quark mass m, = 300 MeV. The solution for

wave function is

1 F(r)YP/zm(G,d’)
1// (rvev(p) = 1. ’ (4)
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The zeroth-order energy of the nucleon core E¢ = €

can be obtained by solving Eq. (2). The contributionq oqf

center-of-mass (c.m.) correction €., , pionic correction s M7,
and gluonic correction (AEy), are also taken into account
following Refs. [19,20].

For the center-of-mass correction, the energy contribution
can be written as

77e, +31m;
3G, +m)rg

&)

GC.m.

For pionic correction,

MYy = =1 finas (6)
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The constants m, = 140 MeV and f; = 93 MeV are the mass
of w meson and the phenomenological pion decay constant,

fNNr[ =

respectively.
For gluonic correction,
256 1 1
(AEN)g=_a(|:3«/7?R_3u(36(;+m;)2i|’ (7)
where
K= o
q q

and o, = 0.58 is a constant.
With these corrections on energy, we can then determine
the mass of nucleon:

M}y = ES — €cm. + M7, + (AEy),. (8)

The nucleon radius in the QMF theory is written as

HE

As mentioned in the introduction, the potential parameters
(a and Vj) in Eq. (1) are obtained from reproducing the nucleon
mass and radius (my,ry) in free space. To study the ry effect,
we vary it from the intermediate value 0.87 fm [24] by around
10% according to our model capability: ry = 0.80, 0.87, and
1.00 fm. It covers both two latest experimental analyses of the
rms radius of the proton charge distribution: 0.879 = 0.009 fm
[25] from electron-proton scattering and 0.8409 =+ 0.0004 fm
[26] from the Lamb shift measurement in muonic hydrogen.
A latest estimation of ~0.81 fm can also be described [27].
The employed (m y,rx) input and the corresponding results of
potential parameters (a and Vj) are shown in Table 1.

116;+m;

(3e; +mi)(ef —mE)

(€))

TABLE 1. Values of the free nucleon radius ry used in this work
and the corresponding parameter (@ and Vj) for quark potential in
Eq. (1). The intermediate value 0.87 fm is from Ref. [24]. The free
nucleon mass is fixed to My = 939 MeV.

ry [fm] a [fm™] Vo [MeV]

0.80 0.735186 —71.565596
0.87 0.534296 —62.257187
1.00 0.312494 —48.389200
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TABLE II. Saturation properties used in this study for the fitting
of sets of nucleon-meson coupling parameters: The saturation density
po (in fm™3) and the corresponding values at saturation point for the
binding energy E/A (in MeV), the incompressibility K (in MeV),
the symmetry energy J (in MeV), the symmetry energy slope L (in
MeV), and the ratio between the effective mass and free nucleon mass
M3 /My.

00 E/A K J L M3 /My
[fm™] [MeV] [MeV] [MeV] [MeV]
0.16 —16  220/260 28/31/34  40/60/80 0.74

B. Meson-coupling parameters

For the study of infinite nuclear matter, from this step
nucleons are treated as pointlike particles and interact through
exchange of o,w, p mesons. The Lagrangian is written as (e.g.,
Refs. [18,19])

L= P(iyud" — My — gonwy’ — gonpTsy )W
(VU)2 — —m202 — —g ot + 2(V,o)2 + m

+§(Va))2 + Emiwz + ZC3(1) + zgprzAvnga)z,

where g,n and g,y are the nucleon coupling constants for @
and p mesons. The quark counting rule gives g,y = 38,4 and
8pN = &pq [28]. The calculation of confined quarks in the pre-
vious section gives the relation of effective nucleon mass My}, as
a function of o field, which defines the o coupling with nucle-
ons (depending on the parameter g,,). M, ,Mm, and m, are the
meson masses. The last term of the Lagrangian is the cross cou-
pling from @ meson and p meson [29]. It is introduced in this
work to give a reasonable slope of symmetry energy [30,31].

There are six parameters (go¢,8wq»&pq+83-C3,Ay) in this
Lagrangian and they will be determined by fitting the saturation
density pp and the corresponding values at saturation point for
the binding energy E /A, the incompressibility K, the symme-
try energy J, the symmetry energy slope L, and the effective
mass M}y,. Those employed values are collected in Table II.
In particular, we use the most preferred values for (K,J,L)
as recently suggested in Refs. [32,33], namely K = 240 + 20,
J =31.6£2.66, and L =58.9 £ 16 MeV. A recent fitting
from finite nuclei data in the same model had K = 328 MeV
[19], and we choose this case as well for comparison. For each
ry value in Table I, we first determine the potential parameters
(a and Vj)) from reproducing (my,ry), and then determine
many-body parameters from reproducing the saturation prop-
erties of nuclear matter (oo, £/A,J,K,L, M} /My).Finally, 81
new QMF parameter sets are newly fitted for studying nuclear
matter and compact stars from the quark level. The details of
the (86¢,8wq>8pq+83,C3,Ay) TEsults, compared to other versions
of QMF theory, will be published in a separate paper [34].

The equations of motion for mesons can be obtained by
variation of the Lagrangian,

IM
micf —|—g3c73 = <— 8JN>'0S’ (10)
mfozw + c30° = gunpn, (11)
milp = g,np3, (12)

where

>(<
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Pl pf;) is the Fermi momentum for neutron (proton), py =
Pp + pp and p3 = p, — p, that equals 0 in symmetric nuclear
matter.

With known meson fields from Eqgs. (10)—(12), the Hamil-
tonian

PF
H= 7.[2 Z / \/P"'—M;/zl’zdp + 8uNWPN + 8pN PP3

i=n,p
1 1 1 1 1
+2m202 + 4g30 - Emzw2 - Zcm)z — Empp2
1
—5Mgingon o'’ (14)

2

and the pressure

2 2 2.2
5 Mg 8un P @ s)
can be obtained from the Legendre transformation.

We write here expressively also important quantities used
for determining our parameters. The incompressibility K at
saturation is

dP(pn,
« — odP o ﬂ)‘
B=0,pn=po
3p:  3MjyprdM;, 9g2
= T SN el (16)
Er Er dpr mz + 3c3w
and the symmetry energy at saturation is
13°E(py.B) Py &
=S = =+ 25, ()
2 p p=0.oy=py OEF = 2mj
where 8 = (0, — pp)/pw is called neutron-excess parameter,

E(pn,B) is the binding energy, pr = p’y = ph, and Ef =
E". = E%. The slope of symmetry energy L at saturation is
defined as

aJ(pn)

L =3py op
N

(18)

PN=P0
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0.80 fm ——

1.00 fm .........

PN/PO

FIG. 1. (a) Effective nucleon radius and (b) effective nucleon
mass as a function of py/py for symmetric nuclear matter within
QMF. Three different free nucleon radius ry = 0.80, 0.87, and
1.00 fm are displayed, with fixed K =260, J = 31, and L = 60
MeV. The corresponding QMC results with constant bag (in the case
of ry = 1.00 fm) [9] or density-dependent bag (in the case of ry =
0.80 fm) [10] are also shown for comparison.

III. RESULTS AND DISCUSSION

The effective nucleon radius (mass) as a function of py /g
for symmetric nuclear matter is shown in (a) [(b)] panel of
Fig. 1. The calculations are done with K = 260, J = 31, and
L = 60 MeV, and elsewhere in the following if not specified.
The results with three different nucleon radii are displayed:
ry = 0.80 (solid), 0.87 (dashed), and 1.00 fm (dotted), to be
compared with the QMC results with constant bag [9] and
density-dependent bag [10]. We see immediately that the QMF
results at all cases are in accordance with the QMC result
with density-dependent bag (i.e., ry increases with density)
and are opposite the decreasing behavior in the constant-bag
case of QMC. Also, with smaller r, the increase of r3, with
density is more pronounced, which can be understood from
the excluded volume effects mentioned above. However, the
dependence of M}, onry in QMF is quite different with that in
QMC, in the cases of both constant bag [4,10,12] and density-
dependent bag [10]. In QMC, M}, drops with decreasing ry,
more phenomenal in the constant-bag case, while in QMF M3},
increases with decreasing ry. This advantageously enlarges
the range of model applicability for QMF and should originate
from different confining mechanism in the two models.

The properties of symmetric nuclear matter (SNM) and pure
neutron matter (PNM) are investigated as well. The pressure
and binding energy as a function of py/po are displayed in
Fig. 2, along with the corresponding available experimental
constraints [in Figs. 2(c) and 2(d)] [1] in shaded areas. We can
see that the QMF results in all chosen cases are consistent with
the analysis of the elliptic flow from heavy-ion experiments
[1] for supranuclear densities above 2p,. The agreements are
better than that in Ref. [5] for the interested range of ry ~ 0.80
to 1.00 fm, since the symmetry energy and its slope are kept
the same for changing ry in the present model. The ry effects

160 (2) SNM 1(b) PNM
— 0.80 fm ——
P 120|087 i ===
2 1.00 fm ---eeee
)
an)
250t (c) SNM /+(d) PNM son ]
I“3 | Il HIC + sym_soft
e 2001 HIC -+ sym_stiff - 260 rfﬁ
+— .
~ 7
150
%
= 100
A sor

6

(s

0o 1 2 3 4 5 6 1 2 3 4
PN/ Po PN/PO

FIG. 2. Binding energy and pressure as a function of py/po for
symmetric nuclear matter and pure neutron matter. / = 31 and L =
60 MeV are fixed with K = 240, 260, and 328 MeV. Results with
ry = 0.80, 0.87, and 1.00 fm are shown in solid, dashed, and dotted
curves, respectively. The constraints from collective flow in heavy-ion
collisions (HIC) [1] are also shown in the shaded areas, with two
density-dependent cases of symmetry energy (light blue for the stiff
one and dark blue for the soft one).

are actually small for the largest empirical value of K = 260
MeV, and only become evident for the extreme case of K =
328 MeV.

The corresponding mass-radius relations of NSs are pre-
sented in Fig. 3, which shows clearly that ry has little effect
on the star radius with empirical saturation properties of
K =260, J =31, and L = 60 MeV in our QMF model. If
extreme value of K = 328 MeV is chosen, decreasing ry from
1.00 to 0.80 fm could bring down the maximum mass from
2.01Mg to 1.87M¢, and the corresponding radii from 11.8 to
11.4 km (around 3%). This conclusion is different from that
in Refs. [4,5], where they modified ry without the constraint
of fixing symmetry energy (and its slope) at saturation density
and found a decreasing star radius R with increasing nucleon

2.0p

1.5}

1.07

M M ]

05r  J=31Mev
L = 60 MeV

q[) 12 14 16
R [km]

FIG. 3. Mass-radius relations of NSs with ry = 0.80, 0.87, and
1.00 fm. J =31 and L =60 MeV are fixed at K =260 and
328 MeV.
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R [km]

FIG. 4. Same with Fig. 3, but with K = 260 MeV fixed, and (a)
three values of J = 28, 31, and 34 MeV at L = 60 MeV or (b) three
values of L = 40, 60, and 80 MeV at J = 31 MeV.

radius ry, while the 7y vs R dependence is very limited in our
present study when the symmetry energy impact is excluded.

To explore further if the change of R is actually from the
different symmetry parameters, we present in Fig. 4 the results
with fixed K = 260 MeV, and modified J (L) within empirical
ranges in (a) [(b)] panels. From (a) [(b)] panel, one can notice
that a change of J (L) in the range of 28-34 MeV (40-80 MeV)
could result in a ~1.8% (~2.9%) variation of R for fixed ry.
The variation brought by changing ry in all cases of fixed
(J,L) are even smaller. Therefore, we could conclude that the
effect on NS radius R may primarily come from the symmetry
energy (i.e., the well-accepted L vs R dependence), instead of
nucleon radius ry.

IV. CONCLUSIONS

We have studied the effects of free space nucleon radius on
NSs by using the QMF model, where nucleons and nuclear
matter can be treated self-consistently. The parameters of
confinement potential for quarks are obtained by fitting the
mass and radius of nucleon in free space, and the nucleon
radius are varied by 10% around the usual ry = 0.87 fm for
our propose. The parameters in nucleon-nucleon interaction
have also been adjusted so that the properties of symmetric
nuclear matter at saturation density satisfy the experimental
constraints.

We have shown the interplay of nucleon radius, incom-
pressibility, symmetry energy and its slope on NS mass-radius
relations and found a different conclusion than Refs. [4,5]. The
effects of the nucleon radius are weak both on maximum mass
and NS radius. Comparatively, the effects of symmetry energy
and its slope on NS radius are more obvious. On the other hand,
the adjustment of Ref. [5] has neglected the symmetry energy
fitting. Therefore, we argue that the significant influence on
NS radius might be from the symmetry energy and its slope,
not from the free space nucleon radius. NS radius and the
free-space nucleon radius do not have a sensitive dependence.

For future plans, we notice in Fig. 4 that the NS maximum
mass is around 1.6 My and not subject to the uncertainties
in J,L within QMF. Although in the extreme K = 326 MeV
case we could obtain a maximum mass as large as 2.0 Mg
to meet the 2-solar-mass constraint, extra repulsion should be
introduced in the model, e.g., by the inclusion of the Fock term.

ACKNOWLEDGMENT

The work was supported by the National Natural Science
Foundation of China (No. U1431107).

[1] P. Danielewicz, R. Lacey, and W. G. Lynch, Science 298, 1592
(2002).
[2] F. Ozel and P. Freire, Annu. Rev. Astron. Astrophys. 54, 401
(2016).
[3] J. M. Lattimer, Annu. Rev. Nucl. Part. Sci. 62, 485 (2012).
[4] T. Mart and A. Sulaksono, Phys. Rev. C 87, 025807 (2013).
[5] Suparti, A. Sulaksono, and T. Mart, Phys. Rev. C 95, 045806
(2017).
[6] I. Sick and D. Trautmann, Phys. Rev. C 95, 012501 (2017).
[7]1 M. Horbatsch, E. A. Hessels, and A. Pineda, Phys. Rev. C 95,
035203 (2017).
[8] T. Mart and S. A. Sulaksono, J. Phys.: Conf. Ser. 771, 012053
(2017).
[9] R. M. Aguirre and A. L. De Paoli, Phys. Rev. C 68, 055804
(2003).
[10] P. K. Panda, M. E. Bracco, M. Chiapparini, E. Conte, and G.
Krein, Phys. Rev. C 65, 065206 (2002).
[11] X. Jin and B. K. Jennings, Phys. Rev. C 54, 1427
(1996).
[12] X. Jin and B. K. Jennings, Phys. Lett. B 374, 13 (1996).
[13] D. H. Lu, K. Tsushima, A. W. Thomas, A. G. Williams, and K.
Saito, Nucl. Phys. A 634, 443 (1998).

[14] S. Pal, M. Hanauske, 1. Zakout, H. Stocker, and W. Greiner,
Phys. Rev. C 60, 015802 (1999).

[15] H. Toki, U. Meyer, A. Faessler, and R. Brockmann, Phys. Rev.
C 58, 3749 (1998).

[16] H. Shen and H. Toki, Phys. Rev. C 61, 045205 (2000).

[17] J. N. Hu, A. Li, H. Shen, and H. Toki, Prog. Theor. Exp. Phys.
2014, 013D02 (2014).

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

[19] X. Y. Xing, J. N. Hu, and H. Shen, Phys. Rev. C 94, 044308
(2016).

[20] N. Barik, R. N. Mishra, D. K. Mohanty, P. K. Panda, and T.
Frederico, Phys. Rev. C 88, 015206 (2013).

[21] N. Barik and B. K. Dash, Phys. Rev. D 33, 1925 (1986).

[22] R. N. Mishra, H. S. Sahoo, P. K. Panda, N. Barik, and T.
Frederico, Phys. Rev. C 92, 045203 (2015).

[23] R. N. Mishra, H. S. Sahoo, P. K. Panda, N. Barik, and T.
Frederico, Phys. Rev. C 94, 035805 (2016).

[24] P.J. Mohr, D. B. Newell, and B. N. Taylor, Rev. Mod. Phys. 88,
035009 (2016).

[25] J. Arrington and I. Sick, J. Phys. Chem. Ref. Data 44, 031204
(2015).

035805-5


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/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
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/10.1103/PhysRevC.87.025807
https://doi.org/10.1103/PhysRevC.87.025807
https://doi.org/10.1103/PhysRevC.87.025807
https://doi.org/10.1103/PhysRevC.87.025807
https://doi.org/10.1103/PhysRevC.95.045806
https://doi.org/10.1103/PhysRevC.95.045806
https://doi.org/10.1103/PhysRevC.95.045806
https://doi.org/10.1103/PhysRevC.95.045806
https://doi.org/10.1103/PhysRevC.95.012501
https://doi.org/10.1103/PhysRevC.95.012501
https://doi.org/10.1103/PhysRevC.95.012501
https://doi.org/10.1103/PhysRevC.95.012501
https://doi.org/10.1103/PhysRevC.95.035203
https://doi.org/10.1103/PhysRevC.95.035203
https://doi.org/10.1103/PhysRevC.95.035203
https://doi.org/10.1103/PhysRevC.95.035203
https://doi.org/10.1088/1742-6596/771/1/012053
https://doi.org/10.1088/1742-6596/771/1/012053
https://doi.org/10.1088/1742-6596/771/1/012053
https://doi.org/10.1088/1742-6596/771/1/012053
https://doi.org/10.1103/PhysRevC.68.055804
https://doi.org/10.1103/PhysRevC.68.055804
https://doi.org/10.1103/PhysRevC.68.055804
https://doi.org/10.1103/PhysRevC.68.055804
https://doi.org/10.1103/PhysRevC.65.065206
https://doi.org/10.1103/PhysRevC.65.065206
https://doi.org/10.1103/PhysRevC.65.065206
https://doi.org/10.1103/PhysRevC.65.065206
https://doi.org/10.1103/PhysRevC.54.1427
https://doi.org/10.1103/PhysRevC.54.1427
https://doi.org/10.1103/PhysRevC.54.1427
https://doi.org/10.1103/PhysRevC.54.1427
https://doi.org/10.1016/0370-2693(96)00168-2
https://doi.org/10.1016/0370-2693(96)00168-2
https://doi.org/10.1016/0370-2693(96)00168-2
https://doi.org/10.1016/0370-2693(96)00168-2
https://doi.org/10.1016/S0375-9474(98)00181-X
https://doi.org/10.1016/S0375-9474(98)00181-X
https://doi.org/10.1016/S0375-9474(98)00181-X
https://doi.org/10.1016/S0375-9474(98)00181-X
https://doi.org/10.1103/PhysRevC.60.015802
https://doi.org/10.1103/PhysRevC.60.015802
https://doi.org/10.1103/PhysRevC.60.015802
https://doi.org/10.1103/PhysRevC.60.015802
https://doi.org/10.1103/PhysRevC.58.3749
https://doi.org/10.1103/PhysRevC.58.3749
https://doi.org/10.1103/PhysRevC.58.3749
https://doi.org/10.1103/PhysRevC.58.3749
https://doi.org/10.1103/PhysRevC.61.045205
https://doi.org/10.1103/PhysRevC.61.045205
https://doi.org/10.1103/PhysRevC.61.045205
https://doi.org/10.1103/PhysRevC.61.045205
https://doi.org/10.1093/ptep/ptt119
https://doi.org/10.1093/ptep/ptt119
https://doi.org/10.1093/ptep/ptt119
https://doi.org/10.1093/ptep/ptt119
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.94.044308
https://doi.org/10.1103/PhysRevC.94.044308
https://doi.org/10.1103/PhysRevC.94.044308
https://doi.org/10.1103/PhysRevC.94.044308
https://doi.org/10.1103/PhysRevC.88.015206
https://doi.org/10.1103/PhysRevC.88.015206
https://doi.org/10.1103/PhysRevC.88.015206
https://doi.org/10.1103/PhysRevC.88.015206
https://doi.org/10.1103/PhysRevD.33.1925
https://doi.org/10.1103/PhysRevD.33.1925
https://doi.org/10.1103/PhysRevD.33.1925
https://doi.org/10.1103/PhysRevD.33.1925
https://doi.org/10.1103/PhysRevC.92.045203
https://doi.org/10.1103/PhysRevC.92.045203
https://doi.org/10.1103/PhysRevC.92.045203
https://doi.org/10.1103/PhysRevC.92.045203
https://doi.org/10.1103/PhysRevC.94.035805
https://doi.org/10.1103/PhysRevC.94.035805
https://doi.org/10.1103/PhysRevC.94.035805
https://doi.org/10.1103/PhysRevC.94.035805
https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1063/1.4921430
https://doi.org/10.1063/1.4921430
https://doi.org/10.1063/1.4921430
https://doi.org/10.1063/1.4921430

ZHEN-YU ZHU AND ANG LI

PHYSICAL REVIEW C 97, 035805 (2018)

[26] R. Pohl, A. Antognini, F. Nez, F. D. Amaro, F. Biraben, J. M. R.
Cardoso, D. S. Covita, A. Dax, S. Dhawan, L. M. P. Fernandes
et al., Nature (London) 466, 213 (2010).

[27] V. A. Petrov and V. A. Okorokov, arXiv:1802.01559.

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

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

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

[31] P. K. Panda, A. M. S. Santos, D. P. Menezes, and C. Providéncia,
Phys. Rev. C 85, 055802 (2012).

[32] B. A. Li and X. Han, Phys. Lett. B 727, 276 (2013).

[33] A. W. Steiner, M. Hempel, and T. Fischer, Astrophys. J. 774, 17
(2013).

[34] Z. Y. Zhu, A. Li, J. N. Hu, and H. Shen (unpublished).

035805-6


https://doi.org/10.1038/nature09250
https://doi.org/10.1038/nature09250
https://doi.org/10.1038/nature09250
https://doi.org/10.1038/nature09250
http://arxiv.org/abs/arXiv:1802.01559
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
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/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.85.055802
https://doi.org/10.1103/PhysRevC.85.055802
https://doi.org/10.1103/PhysRevC.85.055802
https://doi.org/10.1103/PhysRevC.85.055802
https://doi.org/10.1016/j.physletb.2013.10.006
https://doi.org/10.1016/j.physletb.2013.10.006
https://doi.org/10.1016/j.physletb.2013.10.006
https://doi.org/10.1016/j.physletb.2013.10.006
https://doi.org/10.1088/0004-637X/774/1/17
https://doi.org/10.1088/0004-637X/774/1/17
https://doi.org/10.1088/0004-637X/774/1/17
https://doi.org/10.1088/0004-637X/774/1/17



