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Symmetry energy of cold nucleonic matter within a relativistic mean field model

encapsulating effects of high-momentum nucleons induced by short-range correlations
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It is well known that short-range nucleon-nucleon correlations (SRC) from the tensor components and/or
the repulsive core of nuclear forces lead to a high- (low-)momentum tail (depletion) in the single-nucleon
momentum distribution above (below) the nucleon Fermi surface in cold nucleonic matter. Significant progress
was made recently in constraining the isospin-dependent parameters characterizing the SRC-modified single-
nucleon momentum distribution in neutron-rich nucleonic matter using both experimental data and microscopic
model calculations. Using the constrained single-nucleon momentum distribution in a nonlinear relativistic mean
field (RMF) model, we study the equation of state (EOS) of asymmetric nucleonic matter (ANM), especially the
density dependence of nuclear symmetry energy E,m(p). First, as a test of the model, the average nucleon kinetic
energy extracted recently from electron-nucleus scattering experiments using a neutron-proton dominance model
is well reproduced by the RMF model incorporating effects of the SRC-induced high-momentum nucleons, while
it is significantly under predicted by the RMF model using a step function for the single-nucleon momentum
distribution as in free Fermi gas (FFG) models. Second, consistent with earlier findings within nonrelativistic
models, the kinetic symmetry energy of quasinucleons is found to be Ei‘yi?n(po) = —16.94 £+ 13.66 MeV which is
dramatically different from the prediction of Efyi‘;n(po) ~ 12.5 MeV by FFG models at nuclear matter saturation
density pp = 0.16 fm~>. Third, comparing the RMF calculations with and without the high-momentum nucleons
using two sets of model parameters both reproducing identically all empirical constraints on the EOS of symmetric
nuclear matter (SNM) and the symmetry energy of ANM at p,, the SRC-modified single-nucleon momentum
distribution is found to make the Ey,,(0) more concave around py by softening it significantly at both subsaturation
and suprasaturation densities, leading to an isospin-dependent incompressibility of ANM in better agreement
with existing experimental data. Fourth, the maximum mass of neutron stars is enhanced by the increased kinetic

pressure from high-momentum nucleons at suprasaturation densities in SNM.
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I. INTRODUCTION

The density dependence of nuclear symmetry Egyn,(0) is
currently the most uncertain part of the equation of state (EOS)
of isospin asymmetric nucleonic matter (ANM) especially
at suprasaturation densities [1]. Owing to its importance
in both nuclear physics [2-9] and astrophysics [10-13],
much effort was devoted in recent years to constraining the
Eqm(p) using data from both terrestrial experiments and
astrophysical observations [1]. While significant progress was
made in experimentally constraining the Egyn(0) around the
saturation density pg, much more work is needed to better
constrain the Egyn(0) at both subsaturation and suprasaturation
densities. On the other hand, essentially all existing nuclear
interactions have been used in various many-body theories
to calculate the Egym(p0). While all models are tuned to be
consistent with available constrains on the Egyy,(p) around po,
their predictions diverge broadly at suprasaturation densities.
For uniform nucleonic matter, extensive studies have been
underway by various groups to understand why the Eg(p) is
so uncertain especially at high densities and how one can better
constrain it. The spin-isospin dependence of three-body forces
and the isospin dependence of short-range nucleon-nucleon
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correlations (SRC) induced by the poorly known nuclear tensor
forces and the repulsive core have been identified in several
studies to be among the main causes of the uncertainties in the
Eqm(p) at suprasaturation densities; see, e.g., Refs. [14-17].
While at very low densities where cluster formation and pairing
become important, the Egy(p0) behaves rather differently
from expectations based on mean field models [18-20].
Moreover, for clustered matter where correlations dominate
and the Coulomb force is important, there is no neutron-
proton exchange symmetry; it is even a question whether it
is necessary and how to introduce the symmetry energy in
describing the EOS of clustered matter.

How to relate isovector interactions with experimental
observables sensitive to the Egn(0) is a longstanding ques-
tion [1]. A thorough understanding about the origins and
properties of each part of the Egn(p) is useful for making
further progress in this field. Usually, the symmetry energy
Esym(p) can be decomposed into a kinetic and a potential part,
i.e., Eym(p) = EXn () + Elm(p). We emphasize that such a
decomposition should be understood as for quasinucleons of
certain effective masses and momentum distributions which
are both determined by nuclear interactions. Namely, the
kinetic symmetry energy of quasinucleons also depends on
the interaction. However, in many analyses of data especially
using phenomenological models one often assumes that the
kinetic symmetry energy is that predicted by the free Fermi gas
(FFG) model for nucleons with bare masses and step functions
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for their momentum distributions. The potential part is often
parametrized with its parameters extracted from fitting the data
within adopted models for describing the physics in question.

It is well known that short-range nucleon-nucleon correla-
tions from the tensor components and/or the repulsive core of
nuclear forces lead to a high- (low-)momentum tail (depletion)
in the single-nucleon momentum distribution above (below)
the nucleon Fermi surface in cold nucleonic matter; see,
e.g., Refs. [21-24] for comprehensive reviews. In recent
years, significant efforts have been made, e.g., Refs. [25-30],
to constrain the isospin-dependent parameters characterizing
the SRC-modified single-nucleon momentum distribution in
neutron-rich nucleonic matter using both experimental data
and microscopic model calculations. For instance, it was found
from analyzing electron-nucleus scattering data that the per-
centage of nucleons in the high-momentum tail (HMT) above
the Fermi surface is as high as about 25% in symmetric nuclear
matter (SNM) but decreases gradually to about only 1% in
pure neutron matter (PNM) [27,28]. Thus, the SRC-modified
quasinucleon momentum distribution is significantly different
from the step function for the FFG at zero temperature.
Because of the momentum-squared weighting in calculating
the average nucleon kinetic energy, the strong isospin de-
pendence of the HMT makes the kinetic symmetry energy
dramatically different from the FFG model prediction using a
step function for the nucleon momentum distribution [31-39].
In particular, the kinetic symmetry energy is significantly
reduced to even negative values in some model studies.
In essence, the symmetry energy is the energy difference
between PNM and SNM in the parabolic approximation of
the ANM EOS. The neutron-proton interaction dominated
SRC increases significantly the average energy per nucleon
in SNM but has little effect on that in PNM, thus leading to
a reduction of the kinetic symmetry energy. This expectation
was confirmed so far only within nonrelativistic approaches. It
would be interesting to study effects of the HMT on both the
kinetic and potential parts of the Egyn,(0) within a relativistic
model.

The knowledge on each individual term of the Egyn(p) is
useful in both nuclear physics and astrophysics. For instance,
in simulating heavy-ion reactions using transport models
one needs as an input the potential symmetry energy of
quasinucleons. Its magnitude is limited by the total symmetry
energy at pg known to be around 31.6 2.66 MeV [40] and
the kinetic symmetry energy normally assumed to be that
predicted by the FFG model. Several recent studies have
shown that using a SRC-reduced kinetic symmetry energy
in transport model simulations can lead to significant effects
on isovector observables of heavy-ion collisions [38,41-43].
Interestingly, it was also found recently that the critical
densities and effects of the formation of different charge
states of A(1232) resonances in neutron stars depend on how
the kinetic and potential parts of the Egm(po) individually
evolve as functions of density [44,45]. Namely, in determining
the critical formation densities for A(1232) resonances in
neutron stars using chemical equilibrium conditions, the
kinetic and potential parts of the nucleon symmetry energy
play different roles [44]. Basically, the A(1232) resonances
obtain a potential symmetry energy from the 73(A) - 13(N)
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term in their interactions with nucleons where the 73(A) and
73(N) are the third component of the isospin of A resonances
and nucleons. However, the population of A resonances is
so low especially near their production thresholds that they
do not build their own Fermi spheres and thus they do not
have a kinetic symmetry energy. Depending on the relative
strengths of the NNp and AAp coupling constants g,y and
gpa, the potential symmetry energies of the A resonances and
nucleons may completely cancel out but the kinetic symmetry
energy of nucleons remains in the equations determining the
critical formation densities of the four charge states of A
resonances [44].

In this work, within a nonlinear relativistic mean field
(RMF) model incorporating the SRC-modified single-nucleon
momentum distribution with its parameters determined by
electron-nucleus scattering experiments and calculations using
state-of-the-art many-body theories, we study the EOS of
ANM especially the Egym(p). Several interesting effects are
found. In particular, comparing the RMF calculations with
and without the HMT using two sets of model parameters both
reproducing identically all empirical constraints on the EOS
of SNM and the symmetry energy of ANM at py, the SRC-
modified nucleon momentum distribution leads to a negative
kinetic symmetry energy and the total symmetry energy is
softened at both subsaturation and suprasaturation densities.
Moreover, only with the SRC-modified nucleon momentum
distribution, the recently extracted average kinetic energy per
nucleon from electron-nucleus scattering experiments can be
reproduced, providing a strong support for the existence of
HMT in nuclei. Furthermore, the HMT also enhance the
maximum mass of neutron stars by increasing the kinetic
pressure of SNM at suprasaturation densities.

The paper is organized as follows. In Sec. II, the SRC-
modified single-nucleon momentum distribution with an HMT
and the basic equations of the nonlinear RMF model are
outlined. In Sec. IIl, we evaluate the kinetic symmetry
energy with the SRC-modified single-nucleon momentum
distribution. Effects on the EOS of SNM and the validation
of the HMT are presented in Sec. IV. In Sec. V, effects of
the HMT on the nucleon scalar density and Dirac effective
mass are studied. Then in Sec. VI we examine effects of
the HMT on the density dependence of the total symmetry
energy. In Sec. VII, the effects of the HMT on the EOS
of neutron star matter as well as the mass-radius relation
of neutron stars will be explored. Finally, we summarize in
Sec. VIII. Detailed derivations for the analytical expressions
of the kinetic symmetry energy, incompressibility coefficient
K of SNM, and the slope parameter L of the symmetry energy
within the RMF with HMT are given in the three appendixes.

II. A RELATIVISTIC MEAN FIELD MODEL
INCORPORATING THE SRC-MODIFIED NUCLEON
MOMENTUM DISTRIBUTION

In this section, we first summarize the main features
and give all parameters of the SRC-modified single-nucleon
momentum distribution. Then we discuss how the relevant
formalisms of the nonlinear RMF model are generalized by
replacing the previously used step function for the nucleon
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momentum distribution with the SRC-modified one including
a high-momentum tail. We notice that tensor forces have no
effect at the mean field level. The SRC-modified momentum
distribution cannot be obtained self-consistently within the
RMF model itself.

A. The SRC-modified nucleon momentum distribution function

Here we briefly describe the SRC-modified single-
nucleon momentum distribution function encapsulating a
high-momentum tail used in the present work. More details
can be found in Ref. [39]. The single-nucleon momentum
distribution function in ANM has the following form,

Ay + BiI(KI/KL), 0 < K| <k,
C, (kK1) k< k| < ki,
(D

Here, J = n,p is the isospin index, k{ = kp(1 4+ 7{8)'/3 is
the Fermi momentum where kg = (3712,0 /2)1/ 3 and Ty = +1,
7y = —1. It is worth emphasizing that the above form of
nucleon momentum distribution function is consistent with
the well-known predictions of microscopic nuclear many-body
theories [21-24] and the recent experimental findings [25-29].

In (1), the A, measures the depletion of the Fermi sphere
at zero momentum with respect to the FFG model while 8,
is the strength of the momentum dependence I(k/ k) of the
depletion near the Fermi surface. Owing to the small effects of
B, on the energy per nucleon [39], we assume 8, = 0 in this
work. The sketch of né(p,(S) is shown in Fig. 1. The isospin
structure of the parameters A ;, Cy, and ¢, is foundtobe Y; =
Yo(1+Y; 131 8) [39]. The amplitude C; and high-momentum
cutoff coefficient ¢; determine the fraction of nucleons in the
HMT via

ni(p,8) =

xMT=3C,(1—¢7"). )

The normalization condition [2/(27)3] 0°° nl{ (p,8)dk =
p1 = (k)3 /372 requires that only two of the three parameters,
ie., Cy, ¢, and Ay, are independent. Here we choose the first
two as independent and determine the A ; by

Ay=1-3C,(1-¢"). 3)

The C/|k|* shape of the HMT both for SNM and pure
neutron matter (PNM) is strongly supported by several recent
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FIG. 1. A sketch of the single-nucleon momentum distribution
with a high-momentum tail used in this work. Taken from Ref. [39].
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studies both theoretically and experimentally. Combining the
results from analyzing cross sections of d(e, e’ p) reactions [28]
and medium-energy photonuclear absorptions [25], the Cy was
found to be Cyp ~ 0.161 £ 0.015. With this Cy and the value
of xé{ﬁ}ﬁ = 28% + 4% [27,28,38] obtained from systematic
analyses of inclusive (e, ¢’) reactions and data from exclusive
two-nucleon knockout reactions, the HMT cutoff parameter in
SNM is determined to be ¢y = (1 — x{hai /3Co) ! =2.38 &
0.56 [39]. The value of C'™ = Cy(1 + C;) was extracted
by applying the adiabatic sweep theorem [51] to the EOS
of PNM constrained by predictions of microscopic nuclear
many-body theories [46—-50] and the EOS of cold atoms under
unitary condition [51,52]. More specifically, C'™ ~ 0.12
and C; = —0.25 £0.07 were obtained [39]. By inserting
the values of xp; = 1.5% £ 0.5% [27,28,38] extracted in
the same way as the xity; and CP™M into Eq. (2), the
high-momentum cutoff parameter for PNM was determined
to be ¢F™ = (1 + ¢1) = (1 — xiNT/3CPNMY=1 = 1,04 +
0.02 [39]. Consequently, ¢; = —0.56 = 0.10 [39] was ob-
tained by using the ¢y determined earlier.

B. Basic equations in the nonlinear relativistic mean
field model incorporating the SRC-modified single nucleon
momentum distribution

The nonlinear RMF model was very successful in describ-
ing many nuclear phenomena; see, e.g., Refs. [53-57]. In the
following, we outline major ingredients of the nonlinear RMF
model we use in this work. The emphasis is on describing
where and how the SRC-modified nucleon momentum distri-
bution is used to replace the FFG step function traditionally
used in all RMF models.

The interacting Lagrangian of the nonlinear RMF model
supplemented with couplings between the isoscalar and the
isovector mesons reads [58—67]

L=y, id" — g0 —g,0" - 7) = (M — g,0)|y
- %mioz + 10,00"0 —U(o) + %mia)uw“
— w0 + feu(gow o) + %miﬁu -t
— 1Py "+ 380 Py - P Avgwu0, @)

where w,, = 9,0, — dyw, and p,, =3d,p, —d,p, are
strength tensors for the  field and the p field, respec-
tively. ¥, o, w,, Z’u are nucleon field, isoscalar-scalar field,
isoscalar-vector field, and isovector-vector field, respectively,
and the arrows denote the vector in isospin space; U(o) =
beM(g50)°/3 4 c,(g,0)*/4 is the self-interaction term for
o field. Ay represents the coupling constant between the
isovector p meson and the isoscalar w meson. In addition,
M = 939 MeV is the nucleon mass and m,, m,,, m, are masses
of mesons.

In the mean field approximation, after neglecting the effects
of fluctuation and correlation, meson fields are replaced by
their expectation values, i.e., 0 — 0, W9 = Wy, ﬁg) — ,Z')W
where subscript “0” indicates the zeroth component of the four-
vector, and superscript “(3)” indicates the third component of
the isospin. Furthermore, we also use in this work the non-sea
approximation which neglects the effect from negative energy
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states in the Dirac sea. The mean field equations are then
expressed as

m2G = go[ps — bo M(8,5)* — ¢4 (8,0)°], 5)
— _ _ —_(3N\2

Mm@ = gu[p — cu(8o®0)® — Avgu@o(g,py’) ], (6)

m255) = g,[0p — o0 — Avg, By (80@0)*]: 7

where p = (Y y%%) = pn + pp and ps = (V) = psa + psp
are the baryon density and scalar density, respectively, with
the latter given by

2 [k M
08,7 = —/ nidk g
0

3
(27) N

2 ki M*
2 / Aydk—2

= 3 —_—
(2m) /|k|2+M>Jk2
2 (PN ke M
b | c( )dk—f . ®
2n)? ki k| /1K|2 +M72

The change introduced by the SRC-modified nucleon momen-
tum distribution is in the following replacement:

ki
ni, (HMT) fdk,

©))
with f being any quantity. In the following, we often use the
“HMT model” in this work as the abbreviation for the nonlinear
RMF model using the SRC-modified nucleon momentum
distribution, while the “FFG model” refers to the original
nonlinear RMF model using the FFG step function for the
single-nucleon momentum distribution. The Fermi energy of
nucleon J is EI{* = (ké’2 + M;k'z)l/2 where M7 is the nucleon
Dirac mass defined as

ki
/ (FFG step function) fdk —> /
0 0

M;=M—g,5. (10)

The energy-momentum density tensor for the interacting
Lagrangian density in Eq. (4) can be written as

T =Yiy"d"y 4+ 940d o
- """ p, — Lg"", (11)

— "8 w,

where g,, = (4, —, —,—) is the Minkowski metric. In the
mean field approximation, the mean value of the time (zero)
component of the energy-momentum density tensor is the
energy density of the nuclear matter system, i.e.,

£ = <TOO)
k1n+8k1n+ 2[1"’1 O +m w0+m (—(3)) ]
+ _b (800')3 + ZCO'(gO'E) + an)(ga)EO)

+ 3(g,05))° Avigumo)’, (12)
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where

) 2 ki
kin __ 2 *2
el _—(ZW/O A dk,/ K2 + M
2 [N K] ; S
- lof dk/ K2 + M3 13
+(2n>3/ <|k|) = ()

K

is the kinetic part of the energy density. Similarly, the mean
value of space components of the energy-momentum density
tensor corresponds to the pressure of the system, i.e.,

i’]’]}

J=1

1

= Pl + Py — 5 [moa” —mwt —m (56")]

5

b (255) — S0 (85) + ~culgo@o)®
3 (o0 4Ca 850 4Cw w0

1 _
+ 2(gppé”) Av(g®0)% (14)

where the kinetic part of pressure is given by

1 [k K4
J _
Pl _W/o Adk

JEE+ M3
+ ! /¢J C (kj) dk K (15)
— ; -
32 Ji k /k2+Mj2

For completeness, in the following we recall the definitions
of several physics quantities characterizing the EOS of SNM
and the density dependence of nuclear symmetry energy
around py. Expressions of these quantities in the presence of
the HMT are given in the appendixes. These expressions can be
used readily to fix the RMF model parameters by reproducing
the empirical values of these quantities at py. First of all, the
EOS of ANM can be calculated through the energy density

£(p,8) by

E(p.6) = £(p.8)

- M. (16)

One important relation holds between the pressure and the
energy density,

p=p 3(8(/),3)//))’ a7

dp
and in Appendix C, we will prove this relation in SNM.
The function E(p,8) can be expanded as a power series of
even-order terms in § as

E(p,8) = Eo(p) + Esym(p)8* + O(Y), (18)

where Eg(p) = E(p,6 = 0) is the EOS of SNM, and the
symmetry energy is expressed as

10%E(p.8)
Egym(p) = 3 282 5 0- (19)
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Around the saturation density pg, the Ey(p) can be expanded,
e.g., up to second order in density as

Eo(p) = Eo(po) + SKox* + O(x?),

where x = (p — po)/3p9 is a dimensionless variable char-
acterizing the deviations of the density from the saturation
density pp. The first term Ey(pp) on the right-hand side of
Eq. (20) is the binding energy per nucleon in SNM at py, and

(20)

21

P=pPo
is the incompressibility coefficient of SNM. Similarly, one can
expand the Ey,(p) around the normal density as

Esym(p) = Esym(po) + Lx + O(x?), (22)

with the slope parameter L of the symmetry energy defined by

dEsym()O)

L= 3p0 dp

(23)

P=p0

It is necessary to point out here an inconsistency of our
approach. Because the phenomenological n]{ in Eq. (1) has
no direct relation to the interacting Lagrangian (4), although
it is constrained by recent experimental and microscopic

J
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theoretical studies, our results may have some deviations from
those using the n]{ obtained in models going beyond the
mean field approximation by solving the equation of ¢ in
the presence of interactions between nucleons and mesons
expressed in the Lagrangian (4) self-consistently. In fact, this
inconsistency exists in almost all phenomenonlogical mean
field models. Ideally, one should first reproduce quantitatively
the experimentally constrained n; by adjusting parameters
in the model Lagrangian. Unfortunately, as shown by the
strong model dependence in predicting the nj using various
models and interactions, our poor knowledge on the isospin
dependence of short-range nucleon-nucleon interactions, such
as the couplings g, and Ay in (4), still hinders reproducing
quantitatively the experimentally constrained n; . Thus, our
hybrid approach using directly the phenomenological n; con-
strained by experiments can give us some useful perspectives
on the effects of the HMT on the EOS of ANM.

III. THE KINETIC SYMMETRY ENERGY WITH
HIGH-MOMENTUM NUCLEONS

As shown in detail in Appendix A, the kinetic symmetry

energy E l,‘y“r‘n(p) in the RMF model with the HMT can be written
as

EX® (HMT) = ﬁ[1 - 3c0<1 - i)} - 3E]’§CO|:C1 (1 _ i) n ‘ﬂl}
o 6Er bo ®o do

e _ ) 2 32 2 12
_IM,y Cogi(C ¢1)|:ﬁ<< kF) +1> ke (( kF) +1> _ aresinh k )i|
8k; b0 MG\ M; ME\\ M; M

2kpCo(6C 1 ki
L ke 0(6C1 + 1) arcsinh(¢0 F)_

*

3 0

o5}

N £ 2
M B . kg M;
+ arcsinh — |+ 1+
dokr My kr

n 3krCo |:(1 +3¢1)? <¢0kF B 2FE‘>
Fg  ¢okr

2 9
Co(4 F*(1
n 04 +3Cy) [ Fr(1 +3¢1) — g,
3 do
where
Efp= My + k)" and Ff = (M5 + Goke)’) '
(25)

In the FFG limit, ¢9 = 1,¢; =0, only the first term of
the above expression survives and leads to E;‘y‘;;](p) —

Ei‘yi‘:n(FFG) = kZ/6E} as in traditional RMF models. The
kinetic symmetry energy in the presence of HMT is a
function only of the Dirac effective mass Mg. Using the
values of Cy,C1,¢0, and ¢; given in the last section, we
show in Fig. 2 the kinetic symmetry energy as a function of
M at po =0.16 fm~> for both the FFG and HMT models.
In the whole range of M{ considered as reasonable, the
kinetic symmetry energy at py in the HMT model is always
negative. For example, with Mj/M = 0.6 the kinetic symme-

2R3 — 1) 1 ke | 4E}
9¢okr 9Ef  Y%kg
(24)
{
try energy is
ENM (pg) = —16.94 4+ 13.66 MeV, (26)

sym

where the errors are all from the uncertainties of Cy,Cy,¢yo,
and ¢;. This value is close to the nonrelativistic result of
Ei,‘y“[;(po) = —13.90 £ 11.54MeV according to the expres-

sion [39],

EX (p) = k2 /6M - [1 4 Co(1 +3C1)(5¢0 + 3/¢bo — 8)
+ 3Cop1(1 +3C1/5)Spo — 3/¢0)

+ 27Co¢? /5] 27)

Thus, the reduction of the kinetic symmetry energy in the pres-
ence of HMT is general in both relativistic and nonrelativistic
calculations [38,39]. Moreover, this result is also consistent
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FIG. 2. The kinetic symmetry energy as a function of Dirac
effective mass of nucleon in SNM both in the FFG model and in
the HMT model, py = 0.16 fm ™.

with the findings of several recent studies of the kinetic EOS
considering the SRC using both phenomenological models and
microscopic many-body theories [31-37].

IV. VALIDATION OF SRC-MODIFIED SINGLE-NUCLEON
MOMENTUM DISTRIBUTION AND ITS EFFECTS
ON THE EOS OF SYMMETRIC NUCLEAR MATTER

First of all, it is necessary to point out that because we fixed
the parameters of the nucleon momentum distribution by using
experimental data and/or model calculations at the saturation
density, the possible density dependence of those parameters,
i.e., Co,C1,¢0, and ¢; is not explored in this work as well as
in Ref. [39]. The density dependence of the various terms in
the kinetic EOS is thus only from that of the meson fields and
the Fermi momenta. In this section, all analytical expressions
are obtained under this assumption. The numerical results are
obtained by setting ¢y = 2.38,¢p; = —0.56,Cy = 0.161, and
C; = —0.25. In both the HMT and FFG models, the masses of
meson fields are chosen as m, = 500 MeV, m, = 782.5MeV,
and m, = 763 MeV.

To determine the EOS and total symmetry energy with
the SRC-modified single-nucleon momentum distribution, we
need to readjust the RMF model parameters to reproduce all
known empirical properties of SNM and ANM. Thus, analyt-
ical expressions for quantities characterizing these properties
are necessary. Combining the results derived in detail in the
appendixes, we have expressions for four such quantities for
SNM, i.e., the Dirac effective mass Mg, the binding energy
of SNM obtained through Ey(p) = eo(p)/p — M with &g
given by (C3) together with (C8) and (C10), the pressure
Py of SNM (C25), and the incompressibility coefficient
Ky of SNM (C30). For ANM, we also need expressions
for the total symmetry energy Eqym(p) and its slope L.
While the kinetic symmetry energy EXI" (p) is already given

sym

by (24), the potential symmetry energy Efyoél(p) can be
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TABLEI Coupling constants used in the two RMF models (right
side) and some empirical properties of asymmetric nucleonic matter
used to fix them (left side).

Quantity This work Coupling FFG HMT

po (Ffm™3) 0.15 8 10.9310 10.8626
Eo(po)(MeV) —16.0 8o 14.5947 12.9185

M /M 0.6 b, 0.0007473  0.002119
Ko (MeV) 230.0 Co 0.003882  —0.0005139
Egym(po) (MeV) 31.6 8 5.9163 7.8712

L (MeV) 58.9 Ay 0.2736 0.03740

written as [66,67]

2
EX(p) = % with 0, = m2 + Avgle@s.  (28)
Correspondingly, the slope parameter L of the total symmetry
energy also has two parts, i.e., (B15) with the kinetic part L
given by (B11) and the potential part LP° by (B13). The total
number of the analytical expressions is now six while there
are seven coupling constants in the Lagrangian density (4).
We are thus still free to choose one of the seven coupling
constants, and in this work we fix the value of ¢,, = 0.01 which
is the same as that in the FSUGold parametrization [65]. In
this way, given the values of M, Eo(po), po, Ko, Esym(00),
and L, we can uniquely determine the other six coupling
constants. Listed in Table I are the coupling constants in both
the FFG and HMT models obtained from reproducing the same
values of the listed empirical properties of ANM. The value of
Ko =230 £20MeV was determined from analyzing nuclear
giant resonances (GMR) [68-72]. For the Esyn(00) and L, all
existing constraints extracted so far from both terrestrial labo-
ratory measurements and astrophysical observations are found
to be essentially consistent with the 2013 global averages of
Egym(po) =31.6 £2.66 MeV and L = 58.9 & 16 MeV [40].
We notice that the values of the two isovector parameters g,
and Av are significantly different in the HMT and FFG models.

To evaluate the HMT and FFG models, we show in the
left panel of Fig. 3 the binding energy and pressure of SNM as
functions of density. It is interesting to see that the HMT model
predicts a harder EOS for SNM at suprasaturation densities
than the FFG model while by design they both have the same
values of M}, po, Eo(po), and K. This is simply because of the
large contribution to the kinetic EOS by the high-momentum
nucleons in the HMT model. Therefore, the HMT is expected
to affect the high order characteristic coefficients of the
SNM at py compared to calculations with the FFG. More
quantitatively, the third-order Taylor expansion coefficient
of the EOS of SNM around py, i.e., the skewness of the
SNM Q9 = 27,0883E0(,0)/8,03|p:p(J [73-75] is changed from
QFFS ~ —454 MeV in the FFG model to QfF¢ ~ —266 MeV
in the HMT model. Unfortunately, our current knowledge on
the parameter Q [74-80] is still too poor to put a constraint on
it. On the other hand, the pressure of SNM in the density range
of about 2py to 5 pp was experimentally constrained by measur-
ing nuclear collective flows in heavy-ion collisions [3], which
is shown as a cyan band in the right panel of Fig. 3. Although
the HMT makes skewness of the SNM higher, it is seen that the
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FIG. 3. (Left panel) The EOS and pressure P, of SNM as
functions of density for both the FFG and HMT models. (Right
panel) A comparison between the model pressure Py of SNM with
the experimental constraints from analyzing nuclear collective flows
in heavy-ion collisions.

pressure of SNM in the presence of HMT can still pass through
the constraints from the collective flow data. Namely, the un-
certainty band of the constraints on the EOS at suprasaturation
densities is too broad to distinguish the HMT and FFG predic-
tions. Thus, as we shall discuss next, additional experimental
constraints are necessary to distinguish the two models.

In the nonlinear RMF model, the kinetic EOS of SNM is
defined as

By = L2 [ e - mg, 29)
= ey ' N

where nﬁ is the momentum distribution of nucleons in SNM.
The HMT and FFG model predictions for the Elo‘i“(p) are
shown in Fig. 4. Recently, the average kinetic energy of
neutrons and protons in C, Al, Fe, and Pb with error bars
as well as 7’8'9Li, 9'loBe, and "B without error bars were

60||||||||||||||

——HMT
——FFG
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¢

50

Ey"(p) (MeV)

[ ] <T>
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FIG. 4. The kinetic EOS of SNM defined by (29). The experi-
mental kinetic energy of neutrons and protons in C, Al, Fe, and Pb
with error bars [27] and "®°Li, >'°Be, and ''B [81] were extracted
using the neutron-proton dominance model.
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extracted from several electron-nucleus scattering experiments
using a neutron-proton dominance model [27,81]. We can
translate the A dependence of the nucleon kinetic energy into
its density dependence through a well-established empirical
relationship [82-88]:

Lo

T+ a/a o

pa =
where « reflects the balance between the volume and surface
symmetry energies and in our calculation we adopt o =
2.8 [86] appropriate for the mass range considered. The
black points represent the average kinetic energy per nucleon
for these nuclei, ie., (T) = [{T,)(1 + &) + (Tp)(1 —8)]/2.
According to the parabolic approximation for the EOS of
ANM, ie., EX{y(p) = E§"(p) + 8*EEn (p), even for the
most neutron-rich nucleus considered 2*®Pb with an isospin
asymmetry 8% 2~ 0.045, we still have EXZ, (o)~ EEn(p).
This means that the data in Fig. 4 are approximately equal
to the kinetic EOS of SNM Egi“(p). It is very interesting to
see that the HMT prediction can well reproduce while the
FFG prediction falls about 40% below the data around p, =
0.1 fm~3. This clearly indicates the importance of the HMT
in the SRC-modified single-nucleon momentum distribution.
It is well known that mean field models fail to describe the
spectroscopic factors extracted from electron scatterings on
nuclei from "Li to 2°®Pb by about 30%—40% because of
the lack of occupations of energetic orbitals in these models
where the short-range correlations are not considered [89]. The
observation here that the FFG model underpredicts the average
nucleon kinetic energy is because of the same reason and it
misses the data by about the same magnitude as in describing
the spectroscopic factors.

V. NUCLEON SCALAR DENSITY AND DIRAC
EFFECTIVE MASS IN THE RMF MODEL
WITH HIGH-MOMENTUM NUCLEONS

As discussed earlier, the kinetic symmetry energy depends
on the nucleon Dirac effective mass which is determined
by the scalar baryon density ps. It is thus interesting to
examine explicitly how the SRC-modified nucleon momentum
distribution affects the scalar density and the Dirac effective
mass. As shown in Appendix B [see (B12)], the scalar density
ps can be written as

M*,3
0 20 (81 + 6% — arcsinh 9)

2C0k4 ,/ 42 G31)
2M* 62 ¢592

with 6 = kg/M;. At low densities, the ¢ is small, thus

2 1

0+/1 + 62 — arcsinhf ~ -93 95, (32)

1+ — —— 93 1 — ¢)6°.
\/ -1-92 N ¢§92 ( $0)

(33)
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FIG. 5. Scalar density of SNM as a function of baryon density
for both the FFG and HMT models.

Keeping only the first term, one has

AoM;3 2 2Co M3 1
ps —> 0 20 §Q3+ 0 2o <1 _ >93
T T

M6 1

and the next order correction to pgs is

MO 1 8 3
el oo o

which is negative, leading to ps < p. For the FFG model
(9o = 1,¢1 = 0), the value in the bracket of the above
expression is —1/5 while the term Cy(8/5 — 3/5¢0 — ¢o) is
always negative. At the high density limit p — o0, the o field
will saturate at the value of *° =6 (p = o0) = M /g, (for
the Dirac effective mass M = M — g, & approaches zero in
this limit). Correspondingly, we obtain pg° = ps(p = 00) =
M3[(my/ge M)* + by + c5] according to Eq. (5). More quan-
titatively, we have p°(FFG) ~ 3.29fm™> and p$°(HMT) ~

1-0 |||II||IIIII|||||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIII-

08 | ——HMT .
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FIG. 6. Nucleon Dirac effective mass in SNM as a function of
density for both the FFG and HMT models.
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2.99 fm~3. Thus, the scalar density in the HMT model is always
smaller than that in the FFG model as shown in Fig. 5.

In Fig. 6, the nucleon Dirac effective masses in SNM in
the FFG and HMT models are shown. The two models are
found to give very similar results. This is easy to understand.
On one hand, three points of the effective mass are fixed,
ie., M5(0)/M =0, M§(po)/M = 0.6, and M;(c0)/M = 0.
On the other hand, through Eq. (B9) we know that 0o /dp > 0.
Thus, the Mj/ M monotonically decreases in the whole density
range and is concave at large densities. Not surprisingly,
meeting all of these common constraints the M;(p)/M in
the two models behaves very similarly.

VI. THE TOTAL SYMMETRY ENERGY IN THE RMF
MODEL WITH HIGH-MOMENTUM NUCLEONS

We now turn to the total symmetry energy Egym(p).
Shown in Fig. 7 are the HMT and FFG model predictions
in comparison with results from several recent studies by
others [8,88,90]. It is seen from the upper panel that the
HMT softens the Egym(o) at subsaturation densities. For
instance, at densities around 0.04 fm—>, the effect is about 30%
which is larger than the width of the existing constraint [90].
Interestingly, at suprasaturation densities as shown in the lower
panel, the symmetry energy is also significantly softened by
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FIG. 7. The total symmetry energy as a function of density in the
HMT and FFG models in comparison with constraints from several
recent studies [8,88,90].
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the HMT. For instance, the effect is about 25% at densities
around 0.5 fm™3. Thus, the HMT in the nucleon momentum
distribution provides a possible mechanism to soften the
symmetry energy at both low and high densities. Actually in
the original nonlinear RMF model, the high density Esynm(0)
cannot be made arbitrarily small because of the structure of the
model itself. In the presence of HMT, however, mainly owing
to the negative kinetic symmetry energy it is possible that the
total Egyn,(p0) becomes very soft and even decreases at high
densities as indicated by some data analyses [91].

Because the HMT and FFG models are designed to have
the same values of symmetry energy Egym(0o) and its slope L,
it is useful to use the curvature of the symmetry energy,

2
Ksymz[wi“;(p)} :[%M_wm} . (36)
ap L0 8'0 Po

to measure the HMT effects on the total symmetry energy.
The Ky is relevant for studying the isospin dependence of
the incompressibility of ANM through the relationship,

K@) ~ Ko+ K8 + O(8%), (37)
where the K is given by [73]
L
K: = Kgym — 6L — QL. (38)
Ko

More quantitatively, we obtained the values of KI5 ~

—37MeV and K gl‘rﬁT ~ —274MeV. The -corresponding
isospin coefficients of the incompressibility are KTC ~
—174MeV and KMT ~ —470 MeV. The latter is in very good
agreement with the best estimate of K; = —550 4+ 100 MeV
from analyzing many different kinds of experimental data
currently available [72]. Overall, the HMT is to make the
symmetry energy significantly more concave around the satu-
ration density, leading to a stronger isospin dependence in the
incompressibility of ANM compared to calculations using the
FFG model.

VII. SOME EFFECTS OF HIGH-MOMENTUM NUCLEONS
ON PROPERTIES OF NEUTRON STARS

The SRC-modified single-nucleon momentum distribution
is expected to affect some properties of neutron stars (see,
e.g., Ref. [92]). First of all, the softening of the symmetry
energy is generally expected to reduce the proton fraction
Xp = pp/p in neutron stars within the parabolic approximation
of the EOS of ANM. For example, in the npe matter at 8
equilibrium, according to the chemical equilibrium and charge
neutrality conditions for reactions of n — p + e+ V. and
p+e— n+ v, we have ye = jy — up where pe = [m? +
k&)1'2 = [m2 + Br?pxe)??1V? ~ 32 pxe)'/? with x. =
Pe/ p the electron fraction, i.e., e = ftn — tp X 4Egym(0)d +
O(83). Thus, the xp = x. will be reduced if the symmetry
energy Egym(p) decreases. However, we caution that although
high order terms in the EOS of ANM are relatively small,
they still have non-negligible effects on the x, in the RMF
models [67]. Expectations based on the parabolic approxima-
tion for the EOS of ANM may be altered. Moreover, it was
suggested recently in Ref. [93] that the neutrino emissivity
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of the direct URCA process will be reduced by a factor n =
ZEZ} compared to the FFG model with Z}! the discontinuity
of the single-nucleon momentum distribution at the Fermi
momentum. In the HMT model, the depletion of the Fermi
sphere together with the sizable value of C; makes the factor
n much smaller than unity. However, effects of nucleons in the
HMT not considered in Ref. [93] may enhance the emissivity
of neutrinos [92,94]. Thus, to our best knowledge, the net
effects of the entire single-nucleon momentum distribution
modified by the SRC on both the critical density for the direct
URCA process to occur and the cooling rate of protoneutron
stars are still unclear. Nevertheless, it is interesting to note that
efforts to clarify the issue are currently underway [95].

Next, we investigate effects of the HMT on the mass-
radius relation of neutron stars. In constructing the EOS
of various layers in neutron stars for solving the Tolman-
Oppenheimer-Volkoff (TOV) equation, we follow a standard
scheme. Neutron stars are composed of the npe matter at
low densities as described above. For the core we use the
EOS of B stable and charge neutral npeu matter obtained
from the nonlinear RMF model described earlier. When the
chemical potential of the electron is larger than the static mass
of amuon, reactionse — w +ve +V,, p+ 1 — n+v,,and
n — p + p + v, will also take place. The latter requires

=t = RO,

besides p, — pp = e, where m, = 105.7MeV is the mass
of a muon and x, = p,/p is the muon fraction. The inner
crust with densities ranging between poy = 2.46 X 104 fm =3
corresponding to the neutron dripline and the core-crust tran-
sition density py is the region where some complex and exotic
structures—collectively referred to as the ‘“nuclear pasta”
may exist. Because of our poor knowledge about this region
we adopt the polytropic EOSs parametrized in terms of the
pressure P as a function of total energy density & according to
P = a + be*/? [96,97]. The constants a and b are determined
by the pressure and energy density at o, and poy [96]. For
the outer crust [98], we use the BPS EOS for the region
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FIG. 8. EOS of neutron star matter. Detailed descriptions of the
compositions of different layers of the neutron stars are explained in
the text.
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FIG. 9. Mass radius of a neutron star obtained by integrating the
TOV equation under the EOS of neutron star matter in the FFG and
HMT models, respectively.

with 6.93 x 10713 fm™ < P < pout and the FMT EOS for
473 x 1075 fm™ < p < 6.93 x 10~13 fm~3, respectively.

Shown in Fig. 8 are the EOSs of neutron star matter obtained
within the FFG and HMT models. The similarity of the two
model EOSs indicates that the corresponding mass-radius
relations will not be different dramatically. In Fig. 9, the
corresponding mass-radius relations of neutron stars from the
two models are compared. As discussed earlier in Sec. 1V,
the skewness of SNM mainly characterizes the high density
behavior of the EOS of SNM. The SRC-induced HMT is to
increase the skewness of SNM and thus hardens the EOS of
neutron star matter. On the other hand, the symmetry energy
effect on the mass-radius relation of neutron stars is relatively
smaller in the RMF models [99]. Therefore, the enhanced
skewness Qo from the HMT enlarges the maximum mass of
neutron stars as shown in Fig. 9. Quantitatively, the maximum
mass of neutron stars in the HMT and FFG models are M™* =~
1.87 Mg and M™* = 1.74 M, with the corresponding radii
being about 11.21 km and 10.89 km, respectively. The relative
effect on the maximum mass is about 8%. While the maximum
mass is still below the observational data, the EOS with HMT
helps improve the situation.

VIII. SUMMARY AND REMARKS

In summary, within the nonlinear RMF model incorporating
the SRC-modified single-nucleon momentum distribution
constrained by findings of recent electron-nucleus scatter-
ing experiments, we have studied the EOS of asymmetric
nucleonic matter. In particular, the kinetic symmetry energy
in the presence of SRC-induced high-momentum nucleons
is found to be Efn (o) = —16.94 £ 13.66 MeV consistent
with earlier findings in nonrelativistic models. Similar to the
findings about the nucleon spectroscopic factors, the aver-
age nucleon kinetic energy extracted from electron-nucleus
scattering experiments cannot be reproduced by traditional
RMF models lacking correlations. Including the SRC-induced
high-momentum nucleons in the RMF model, the data can
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be well reproduced. Comparing the RMF calculations with
and without the SRC-induced high-momentum nucleons using
two sets of model parameters both reproducing identically
all empirical properties of SNM and the symmetry energy
of ANM at py, the SRC-modified single-nucleon momentum
distribution is found to make the EOS of SNM much harder
at suprasaturation densities and the Eg,(0) more concave
around py, leading to a larger maximum mass of neutron stars
and an isospin-dependent incompressibility of ANM in better
agreement with existing observational and experimental data.

After introducing the SRC-induced high-momentum nucle-
ons, some isovecor parameters of the RMF model had to be
readjusted to reproduce the same empirical properties of ANM
and known experimental constraints. Ramifications of these
changes and the resulting symmetry energy on experimental
observables, such as neutron skins of heavy nuclei will be
studied in the near future. The SRC and some of its effects
in nuclear structures and reactions are well established both
theoretically and experimentally. While the RMF model was
very successful in helping us understand many fundamental
physics and explaining various experimental phenomena, as
a mean field model by design it lacks correlations that
are important and necessary in understanding some other
experimental phenomena. Going beyond the mean field level,
we take one step forward by replacing the step function
with an experimentally constrained momentum distribution
incorporating the SRC-induced HMT in reformulating some
aspects of the nonlinear RMF model. Compared with fully
microscopic many-body theories where effects of the SRC are
considered self-consistently, our hybrid approach is relatively
simple but transparent, and all relevant physical quantities
are given analytically. While much more work remains to be
done, the analyses and numerical results presented here are
instructive for better understanding effects of the SRC on the
EOS of neutron-rich nucleonic matter which is relevant for
both nuclear physics and astrophysics.
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APPENDIX A: THE DERIVATION OF Eki (p)

sym

We start from the kinetic energy density of (13)

kin A J

ky —
C]kﬁ bk 5
+—3 fk., ﬁ,/k2+m,dk.

Using the abbreviations of m JEMj,kakli,E =
k/my,p;y = ¢sk;, the Kkinetic energy density can be

(AD
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expressed as

. A mt rki/mi C k4 bsks/my /1 2
ey = ’m’f 21+ 82ds + — / VIES e (A2)
0 k

2 2
T J/my 3

To use the following elementary formula,

(X)

w(x)
— / dyz(y) —z(w(x)) (A3)

we rewrite the kinetic energy density as
. A mb ki/m C k4 py/my 1+ 2 ky/my 1+ 2
ghin = ;2 f/ £2\/1 + £2de + %[/ Vite A / § d§:| (A4)
0 0

then its derivative with respect to the isospin asymmetry § is

. dm',Aym3 + A,m? ky/my K AJKEE:  m/,AJKE
81;1n J 12 JT / 52 /1 +§2d$+ J 2] J J - J
T 0 T T my

N 4k, C 1k + Chk; ./,,,/m, V1 +§2d§ N Csky (PyF;  myF; K,E; L miE; AS)
n? ky/my 52 m? P% pjmy k3 kymy ’
where F} = (p3 + m5)1/? = (¢2k5 +m3)'/2.
The second-order derivative of akm with respect to § can be obtained in a similar way, i.e.,
kln _ 1 (8A/ ;3 12 /ZA 2 am’ A 3 A 4 kafms 2 1 24
& = pm'ymy 4 12m'7 A ym +4m'y A ymy + Ajm3) A £V 1+ 8%d¢§
1 ,
+ nz—mj(m’,kgmki E% 4+ N K)kim E — 20 m k3 E — m E5 Ajky —m)E5A k)
1 , 3m?A k3 ES
+ — (AR KR ES + 2K A sk ES + K, ES A g3 + Ky AR ES) — =L 25
72 nm?
1 pi/ms /1 2
+ — (SCHK) K + 12K2C 1 + 4K Co kS + cyk;‘)/ VIEE e
T kfm, &
N 8k, Ckj +2Chk; (p’JF}‘ _myF; K E; W,E;)
2 p% pjmy k% kjmj
LGk <F}"p’1 L Eipy _2EjpF  Fymy  Fymy  Fjmyp; F}‘m’}>
w? rj P p; pjmy  pjmy pimy pym?
Gk (Ej’k; Ejk)  2E3K7 Eym,  Eymy  Ejm)k) E,m,2> A6)
7T2 k% k% k; kJH’l] k]mj k3}711 k1m3

We introduce the abbreviations f = o,w = @y, and a subscript “0” denotes the symmetric case, for example, fo = f(§ =
0), fo = 0f /38|5_,, etc. The scalar density is a function of m, i.e., ps.; = ps s(my), then pg ; = A;m’; with A; a certain factor.
From the field equation of f, it is easy to find that fj = 0. This means that we can omit the terms proportional to m’, in
the expression of 8“”‘ (because the symmetry energy is obtained by taking 6 = 0 in 8k‘“ ), thus we have (omitting the terms
proportional to m J)

> 1 ky/mjy
ey =—5 (4myAymy + Ajmi) /0 V1 +§2dE + —— (A’ Kykim E5 —m}E5 A ky)

1 / 8k, C k3 +2C k4 "F¥ kL E%
4 (AR E] + UPA KBS + KB 8+ a4 2O (100 L)
T

2 2 2
T Py k3

1 !’ g,/ / " 4 pj/m, 1 + 52
+ P(8C,1<,k3 + 12k} C k5 + 4k C k5 + CkS) / Y dg

ky/my %-2

N Cik} _ (F,* P N Fip) 3 2F;p}? ij/,/) B Cky ' (Ej K, EK] B 2E%K? B Ejm/})' A7)

n? P% P3 P; pimy 2 k% k% k; kym;
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We then deal with the terms proportional to the second derivative of m’;, i.e.,

4 Aymy (PIm Ak ES  CikS [ Fy E;
R P ] B N e || (A8)
0 J

my w2 n? gmy kym;
Moreover,
ky/my 1 1 1
V= / V1 +8%ds = 00 + 12 = 2x@® + ' — carcsinhx, (A9)
0
ky/mg Sst 1 1
S = —— = —x(x> 4+ 1)"/? — —arcsinh x, (A10)
0 Vi+g 2 2

with x = k;/m . For k < k;, we then have

o1 Agmt o (ke/ms AymivV Aym3 [R/me g2qg Aym3S
&) "=—’/ £2/1+g2ds = =/ ,pé,,=—’f == (Al1)
0 0

72 T 72 /1 +%.2 72
SO
: AJK3ES  m
kinl _ 2JrjEy J 1
8] = T_‘_TIDSJ (A12)

On the other hand, the high-momentum part of the scalar density should be written as

Gk /m/m" s __Cik; <F_7 _ ﬂ) (A13)
S/ 7T2m1 ky/mg %_2\/ 1+ %_2 7T2m1 pJ kJ

Then IT should be rewritten as

4 (AJKEY  my AJK3E®
o J=J 1 J=J 11 _ "
H—mj|:m—J<T TpS’J —nz—mj—}-pSJ = ps,gm;. (A14)

After combining this term with the corresponding potential terms in the energy density, it is found that there exist no terms
proportional to f’ according to the equation of motion of f, thus it is safe to write 81}“‘ as (omitting the terms proportional to

"
m,;

. A 4 ky/my 1 ,
ghin’ ;’fl/o EVTHEDE + — QALK E] + UF A ES + K EY MK + KA E)

! pi/my 1 2
+ —5 (8C)K)k) + 12K7CKG + 4K Ck7) - / \/?
ky/my

i+ 8K, C 1 + 2C) k4 <p;F; - k;E;>

2 2 2
T Py k3

=\ p PP = Nk kG
where the terms proportional to C’; are also omitted for C; is linear in §, i.e., C} = 0.
For
Y, =Yo(1+ Y1143), (A16)
with Y = C,¢, we have
Y, =YYt (A17)
Thus,
1 3C;¢) 1
A = —3C}<1 - —) - Jf’ — —3Co|:C1 (1 - —> + ﬂ:|t3l (A18)
¢J d)_] ¢0 ¢0
B 6C ¢, 6C ;97 6Co
Nj=——5 4 =L — ——(C - ), (A19)
¢ oy o
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and
/ 1 J 1 J
k; = §kFT3 (ad+---) — ngT3 , (A20)
p 2 2
k) = —§kp(ﬂ8 +.)— —§k]:, (A21)
, 1
Py =k, + ¢k, — <¢1 + §)¢0kFT3J, (A22)
4 ! ! " 2 1
Py =2¢,k; +¢sk; — §¢okp ¢ — 3) (A23)
, L kK k2
EY = mymy KKy —E o (A24)
E} 3E;
, ! ! Zki(1+3
Fj Zm]mJ+PJpj _>¢0 F( + ¢1)‘E3j, (A25)
Fj 3F;
where “—" means the limit of § = 0. It is clear that in the FFG model, ¢y = 1,¢p9 = 1, then
Ay — 1, AN, — 0, (A26)

and
in” 1 / * % ’ *
85111 = F(Q,kakjEj + k/_/E_/ k% + k‘/]kiE‘/),
which is expected. Evaluating ) J=np 8]}“‘” |s=o according to (A15) and then dividing it by 2p, we shall obtain (24).

APPENDIX B: THE DERIVATION OF L(p)

To derive the expressions for L, we should first obtain an expression for df,/dp, which is related to the scalar density that can
be decomposed into two terms, i.e.,

200 (M KPdkM 2Cokg (P71 K*dkM
ps=—3 > a————— (B1)
o Ji24mpr T ke k2 + My?
where M5 = M — g fo. Putting k = ¢ M}, then
ps = ps+ps = 20ty / T e 2Gok (P de (B2)
w2 Joo T+ MG Dy 21482
SO
L 6AMZ AME [M c2de N DAGME? (kp/ME? 9 ke
dp w2 dp Jo JVI+22 2 ST+ (ke/ M) 9p M
_ 3 amg 200M? /kF/MS‘ c2de N 2AGM KR 9 ke
M; 9p  n? 0 /1+¢2 n2Ef  dp M
3805 3fo 2A0M§‘2k§< 72 gk dfo )
Mg dp w2 EL \2Mgki - M dp
_38opsdfo | AoMg  3A0gep 3fo
M; dp E} E: p
L Agp)\ 0 AgM
:—3ga<ps*— Of)ﬁvt Cantl (B3)
M;  Ej: ) dp E;
The following two relations are useful in the derivations,
ok 2 JE}: 2 oM D
F s F Y3 _ g 0 ﬁ (B4)

Bp 242 9p  2keEp  Ep dp
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Similarly,
dog _2Co & ki [PMi dg 2cok;§ 3 /PF/MS‘ d¢
ap 7% ap My Sz 21 +{2 MG 3p Jiym; 21+ ¢2
(4 kg 1 BM*)ZC ok /PF/MS dg n 2Cok§[M§’3 d (pp> M(;’3 < kg )}
kg 0p M; 0p M ey 21+ 22 TiM; p%F;‘ op \ Mj kl%E; Mg
4 1 2Cokt (1 1 )
05 ey (2o L) pg 5 e 11 |2 (B5)
-~ 3p PeFE kiEr M; i prFy  kgEL )] 0p
Introducing,
1 2Cok} 1 1
¢=Cok§Mg;< b ) V= 021:( __ ) (B6)
pFFF kaF T pFFF kFEF
then,
9 9 S A AoM;  4pY
s _olo (25 4 w) —3g, (L5 — 2oL |, 2oMi | s g ®7)
Y Y M; M; Ef Ef 3p
According to the equation of motion of fj, we have
a aps a
AL T foﬁ—3agfo fo (BY)
ap ap ap ap
Thus, we obtain the following expression for dfy/dp,
3fo 8 ((DNoM§ | 4pg
-_— == — 4+ 9, B9
i o G (BY)
with
ol Aop oll
Ry =m] +3g§(ﬁj* ~E ) +2b, Mg fo + 3co 82 fi —go< > +w) (B10)
0

By taking derivatives term by term in the kinetic symmetry energy of (24), we obtain the following kinetic slope parameter,

. KE(ER? + M2 KEMp 3 1 9 3
Lk'“(p)=[ r(Er 0 ) 8 F*fpﬁ}[l—m)(l——)}——p( g M fO>C0[C1<l ) ¢1]
6EL 2EF° 9p bo 2kp ap $o/) o

9Co$i(Cy — 3M; n?
_ 9Cofi(C1 — 1) ¢1)[marcsinh9<—” +dg ke Mt f0)+2k2(2k5 EM? — 3ke M)

47T2k]:¢0E1>§ ZkF a
«29f0 2kpCo(6Cy + 1) . 1 . 1
_ 4ggk%M(’)‘EF'2%i| + — arcsinh (¢g6) — |1 + W — arcsinh 6 +,/1 + 7
M 3fo oo Mg 1 1
+ 2kaCO(6C1 + 1)( 2 + kF ) * A f% + o 2 a
2k2 0 J\FEMs — g3id 1+ MUV a1 4 8
n 3krCo [ (1 + 3¢1) [ ok 2K n 2FEGhi =D 1 ke n 4Ex n 9krpCy (MSVTZ 3fo
2 9 Fi dokr 9goke 9Er | Okp 2 a2 8
(1+3¢)* [ ¢o $30> N 2 26— Mg 4
9 F;‘Mf)k M§,2(1 + (]5%92)3/2 Bok /1 + ¢292 9([')0/{12: 1+ ¢§02 9E13: 9k1%\/ 1+62
7% | (14 3¢1)doke kg
+pCod+3Cy)| = -
/ T1a2
of | (L4300 1+600° (14 3gp)goke  —— k
805 - 1+0 t i | | (B11)
1200) oo M(’)"wz /1+¢§92 \/1+9
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where dfj/dp is given by (B9) and

Ao M3 2Cok? 1 1
pL = %(9,/1 +62 —arcsinh ), pll = S°F (,/1 +or 1t —) (B12)

D 6>
with 6 = kg/M;. The potential part of the slope parameter of the symmetry energy is given by

IESm(p) 38,0 38a8,Avwop’

L™ (p) =3p = ; (B13)

op 20, 0,02

with

Q. = m, +3cughwo, (B14)

and @, given by (28). The total slope parameter of the symmetry energy is given by
L(p) = L"(p) + L™ (p). (B15)

APPENDIX C: THE DERIVATION OF K,(p)
The incompressibility coefficient Ky = K(p) can be obtained through
9’E dPy 18P

Ko(p) =9p>— = 9— — —, (€1

dp? dp )

where Py(p) is the pressure of SNM. At normal density, the pressure of SNM is zero, thus only the first term of the last expression
is relevant for our aim. So we should first calculate the pressure Py as a function of density. Before moving on, we first prove the
following relation:

2 0Eo(p) _ d(eo/p)

P = C2
0o(p) = p o o (C2)
by calculating the quantities on both sides and then comparing them.
The EOS of SNM is obtained from the energy density,
g0 = 282?0 + %mifoz + %miwg + %b[,Mggfg + %cggﬁf(f + %cwgiwé, (C3)

with

. 2 Poke 1 kg doke |
ek =Gy /0 ng K2 + My Pdk = — [AO fo k2dk\J K2 + My* + Cokit /k Ve + Mg’zdk}, (C4)
F

where  is just a symbol reminding us that 8?;“(;] + egf}gn = 8}8?’0 = 2_18'5“‘, where slgi" is the total kinetic energy density (including

n and p). Similarly, the pressure is

Py =2PF% — iml f§ + imlwg — 1bo Mg, f§ — tcaga f3 + FCu8iwi, (C5)
with
; 1 kr k* Pokr 1
Py = s Ao f dk ———— + Cok}: / dk —— |. (C6)
i 0 k24 M2 K2+ M2

For the w field, we have dwg/dp = g,/ Q. The w part in the energy density has the following relation:

d (1 3 1 1
,02% (Emiwg + chgf;wé) = Emiw% + chg,twé, (C7)

which are just the corresponding terms of the pressure.
The proof for the o field is somewhat more complicated. The first part of the kinetic energy density is given by

o AgMt R/ MG AoM4T1 1 1
a;“gl =°—20/ V14 ¢2de = 0—20[19(1 + 6232 — g9\/1 +02 — garcsinhe}, (C8)
’ T 0 T
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thus
38kindI Ao . 9 M* ke /M A()M*A 9 ke /Mg
—22 =AMyt 2 / EAV1+ ¢ + —20—/ EV1+g2dg
ap /4 ap Jo b4 ap Jo
4l OMy  AoMyt KB} (M* ke kFaMg>
M§ dp w2 M? M? 9 8p ap
_deod OMG | AGEE (ke | OMg
My - mEMy U dp dp
_ deg OMy  AokER\OM; | AokRE} oke
M; op mM; ) 9p 72 9p
kin,I * * * *
_ 486’)12) aMO _ AokgEF E)MO A()EF (C9)
M;  dp n2M§ ) dp 2
Similarly,
' Cok [PP/Mi /112 Cok¢ ! 144
Kin,IT 0K 0%F i i
ganll _ ~O0°F dc = arcsinh(¢gf) — arcsinh — [1 4+ —— +,/1 + — |, C10
5{)70 7_[2 ]/{‘F/M‘j é_2 é’ 7_[2 [ (¢0 ) ¢§02 92} ( )
and
skl ¢, ke (7% md& L Coki @ /pF/Mz; JI+1¢2 it
ap 2 Fap ke / M 2 7% 3p Jum; ¢?
kin, IT * * * * *
_[4o0 | Cokf (¢oFy  Ep\ldke _Coki 1 (Ff Ep\oM; (C11)
ke 2 pi k2 )] ap n2 Mi\pr ke) 9p
Putting into the expression for 82%11, we have
Yo _ 4 Ok inh(o8) — arcsinh6 — |14+ —— 4+ /1 +
B — " |arcsin — arcsinh § — — -
00 kg 0p 0 ¢392 6?
Coki (poFi  E:\okg Cokp 1 (Fr  Ej\ oM
N 02F<¢0 i _;)_F _ Coki *<_F _ _F) My (C12)
T Dr kg /) dp w* Mg\ pr ke/) Op

Then we have (only the f field is considered here)

dfo

ap

3 (el delo 1 1 1
P () =G o = A = ML geost A+
AoM*T 1 sy, 1 I
-2 —0(1 4+ 6% — —9/1+ 62— = ho
|: = I 1469 g + 8arcsm
Cok
+—
48;:’11611 Cokit (poFr  Ex\7 0ke
e 2\ )
F 4 PE F 0

The term proportional to 3fy/dp in p2d(eo/p)/dp is

80 Cokg (F_I: _

Mf)k 2 \ pr

(m2 fo +bo Mgl f§ + cogi £5)

kin,I
. . 1 1 dfo (4o AokRE AoEg
h(go0) — arcsinh @ — 1+ —— 4+ [1+ — || +2p| g, —— ( =2 —

|:arcs1n (¢pp0) — arcsin +¢392+ +92:|]+ /0|: 8 8,0< M nZMg + 2

Eg) 2o
ap |

4e AGCEE\  2g.p Cokd [ F* EX
M, = 2 baM32 043—20 9.0  2O0RpEER o OF_F__F’ C13
0 =p(m} fo+beMg) f5 + coga £3) — 280 M T R 2 e (C13)
where
* kin,I N
kin,I __ AokéE; Mopgvbovo 48&’370 _ AOkISJEF _ I (C14)
) 4 M T2M; = Pspo
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Similarly, we have

Cokg (FF Ej
11 F
_F C15
Ps.p0 = 7t2M6k (pp kg ) (CI5)

thus
Mo = p(m fo+beMg) 5 + ca8a f3) — 2800590 — 2808 o0 = £ (Mo fo + bs Mg f5 + a8 f3) — 8ops).  (C16)

where ps = 2(pg ot o5 .0) 18 the total scalar density, and the above equation equals to zero according to the equation of
motion of fj. Thus

fo *,4
d (¢ AoM, 1 1 1
2 0 ___2 ! o |1 2y3/2 1 .
%<7> = Zf2 b Mg f3 — 4c6ggf0 [ = |:49(1 +6°) 89 1462 8arcsmh@]
Cok , . 1 1
+— arcsinh(¢p0) — arcsinhf — |1 + W +,/1+ 7
kin,II
AoE}; 4es 6 Cokt (poFy  Er\] 0k
2 . —— |1 C17
+p[2+[kF+ﬂ2 e 2 )| (C17)
The expression for pressure is easy to obtain:
, A M kM etde AMytT 3 3
plint — =2 / ¢ >0 [-93\/1 +6%— 2614062+ —arcsinhe], (C18)
P /1 + ;2 3n 4 8 8
; Cokg [re/Mi d Cok
P;;“(“)’H =0 2F _98 5 [arcsmh(¢09) — arcsinh 6], (C19)
’ 3 ke/M; /) 1+ §2 3
thus
280M3* T 1 3 3
Pof0 = — = fo — —b Mggfo Cagafo _37t20 |:193 1462 — §0 1462+ garcsmh9i|
(C20)
It is obvious that the first line of (C17) and that of (C20) are the same. Terms proportional to A in (C17) are
2A0M5* 1
AopE}: — 0—[ O(1 + 6232 — 9\/1 +62 — garcsinhe}
2
200k E;  280Mg 1y o Lo g Lne
= - - 0 — = — —arcsin
372 72 4 8 8
200M;*
=3 9 \/1+92——0\/1+92+ arcsmh@ (C21)

this is the corresponding term in the pressure proportional to Ag. Similarly, the remaining terms in (C17) are

’ ke [48};‘“0” N Cok? (¢>QF* E*)]
0o | ke 2 \ pi k2

2C0 / / / 1 1
- 2F |: (arcsmh(¢>09) — arcsinh 6 — ¢292 1+ — 92 ( q)é@z —4/1+ 9—2>], (C22)

and [i.e., the third line of (C17)]

_2Coke .3 h(¢o0) ho— |14+ —— + J1+ ! (C23)
arcsm — arcsm — — — 1,
372 0 $26° 62

combining (C22) and (C23), we obtain the following expression proportional to Cy in (C17),

3 2 [arcsmh(qSo@) — arcsinh 6], (C24)

which is exactly the same as the last line of (C20). Thus we have proved the relation (C2).
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The expression for pressure including wy field then reads

1

Py= — fo _‘b Mgva

2A0M5"4
3r2

The contribution to K from the wy field is

d (1
9— < m2w? +
ap \ 2
For the f field, we have

Py fo
dp

2A

3772
fo

1 1
- _Cagafo +

2m wo—l—

1 3 3 20k
—03/1+ 62— 201462+ Zarcsinh6 | + F
4 8 8 2
9
jeasiu) = 25

——fo—(m + b, Mgaf0+Cagafo)+_|:W(9) 5 T Mo

PHYSICAL REVIEW C 93, 014619 (2016)

Loy oy
4ngwwo

[arcsinh(¢y0) — arcsinh 6]. (C25)

C26
0. (C26)

am;* L OW(O 2C kit
40WO) )]+ O[V(H) ki

48V(9)}
ap 372

_ _[fo(m + by Mg} fo+ cagl 17) +

2Aok;:
372 M E}
where
10°V1+602—320V1 40243

The corresponding contribution to the K of the fj field is

fo

W) =

_9_|:f0(m + b Mggf() +C0gof0)

2Cokg ok oM
+ - F* ¢_(i T o M()k_F kp——
3m2My \ F¥  Ef dp op

2AK
+9 O°F
37 M E;}

372

8M*)
— kg

82, AOM§’3W(0)} N 4CokpV (0)

2Cokk 1 dk
L 2Coke ¢ 1 my ke F
3m2MG\ Fi  Ef ap

arcsmh9 V(6) = arcsinh(¢f) — arcsinh 6.

3

(c27)

ap

(C28)

8¢5 AgMy W (0)

o } + 12CokpV (0)

(C29)

Combining the above results, we finally obtain the expression for Ky(p) as

- 9ﬁ[fo(m +bo Mg fo + cogi f3) +
2 A0kt

9
* |:37r2M§El’§ 32 M
with 8f,/dp given by (B9) and P, by (C25).

Ko(p) =

Fg  Eg

2Cok: 1 Mim 2 9pg? 18P,
0 (ﬁ——ﬂ( +g @%)Hzcokpvwwﬂ—f,

88, AoM W (6)

0
372

C30
0. (C30)
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