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Abstract: Chiral effective theory has become a powerful tool for studying the low-energy properties of QCD. In
this study, we apply an extended chiral effective theory—chiral-scale effective theory—including a dilatonic scalar
meson to study nuclear matter. It is found that the properties around saturation density can be well reproduced. Com-

pared to Walecka-type models in nuclear matter studies, our approach improves the behavior of symmetry energy in
describing empirical data without introducing an additional isovector scalar meson ¢ to make it soft at intermediate
densities. Moreover, the predicted neutron star mass-radius relations fall within the constraints of GW170817, PSR
J0740+6620, and PSR J0030+0451, while the maximum neutron star mass can reach > 2.5M with a pure hadronic
phase. Additionally, we find that symmetry patterns of the effective theory significantly impact neutron star struc-

tures. We believe that introducing this type of theory into nuclear matter studies can contribute to a more compre-

hensive understanding of QCD, nuclear matter, and compact astrophysical objects.
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I. INTRODUCTION

The study of nuclear matter (NM) has long been cru-
cial for understanding both nuclear force and neutron star
(NS) mass-radius (M-R) relations (see, e.g., Refs. [1-7]
and references therein). The properties of NM are highly
sensitive to the specifics of nucleon interactions. A popu-
lar and widely used approach to describe these interac-
tions is the one-boson-exchange (OBE) model and its
variants, such as the Walecka-type models [8—11]. These
models typically involve 7, g, w, and p meson exchanges,
covering the effective range of nucleon forces from 0.5 to
2 fm. Utilizing these models, NM properties can be calcu-
lated using the relativistic mean field (RMF) approach
[12—15], which is the most practical and economical
framework to introduce density effects.

It is recognized that Walecka-type models lack the
consideration of QCD symmetry patterns, the valid re-
gion of effective operators, and theoretical errors. While
chiral effective field theory (yEFT), thanks to the pioneer-
ing works by Weinberg [16, 17], offers a powerful frame-
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work for studying nuclear forces at long ranges, it is
anchored on QCD symmetry by treating the pion as the
Nambu-Goldstone (NG) boson of spontaneous chiral
symmetry breaking. Due to the derivative couplings [18,
19], operators can be organized systematically according
to the chiral expansion by ¢g/A, where ¢ isthe mo-
mentum scale carried by the NG bosons and A =4nf, ~
1 GeV is the scale of chiral symmetry breaking. The val-
id region and theoretical errors of yEFT can be determ-
ined by estimating the truncation of the chiral expansion
[20—22].

To develop a realistic model of nuclear forces, it is
accepted that vector mesons—p and w— and the isoscal-
ar-scalar meson o are indispensable. However, the origin-
al y EFT, which only contains NG modes, will encounter
divergence due to the emergence of o, p, and w mesons
[23, 24]. To avoid this and extend the valid region of ef-
fective operators, hidden local symmetry (HLS) in yEFT
[25-27] plays a crucial role by including the vector
mesons. However, the inclusion of the ¢ meson as an in-
dependent degree of freedom in yEFT is not straightfor-

Received 4 June 2025; Accepted 27 October 2025; Accepted manuscript online 28 October 2025

* The work of Y. M. is supported by by Jiangsu Funding Program for Excellent Postdoctoral Talent under Grant Number 2025ZB516. Y. L. M. is supported in part
by the National Science Foundation of China (NSFC) under Grant No. 12347103, the National Key R&D Program of China under Grant No. 2021 YFC2202900 and

Gusu Talent Innovation Program under Grant No. ZX1.2024363..
T E-mail: mayao@nju.edu.cn
¥ E-mail: ylma@nju.edu.cn

©2026 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese
Academy of Sciences and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

024108-1


http://orcid.org/0000-0002-0561-2482
http://orcid.org/0000-0001-9154-529X

Lu-Qi Zhang, Yao Ma, Yong-Liang Ma

Chin. Phys. C 50, 024108 (2026)

ward, as the fourth scalar component of the chiral four-
vector is integrated out when transitioning from the lin-
ear to nonlinear sigma model—the leading term of yEFT.
Considering that the lowest-lying scalar meson ¢ has ap-
proximately equivalent mass to that of the kaon, which is
an NG boson of chiral symmetry breaking in three-flavor
XEFT (YEFT;), by supposing that QCD has a nonperturb-
ative infrared fixed point, Crewther and Tunstall [28, 29]
proposed that the lowest-lying scalar meson can be con-
sidered as the NG boson (dilaton) of the spontaneous
breaking of scale symmetry. Consequently, yEFT was ex-
tended to include the scalar meson, resulting in the scale-
chiral effective theory (yEFT, ). This approach is differ-
ent from the Walecka-type models, which add these had-
ron resonances and corresponding interactions by the ne-
cessity of the phenomenological analysis, without consid-
ering the symmetry argument and power counting.

Based on the terminologies of yEFT, and HLS, yEFT
with baryons was constructed in Refs. [30, 31] at the
leading chiral order to discuss nucleon interactions; it is
denoted as bsHLS, where "b" and "s" represent baryon
and scale, respectively. In bsHLS, the potential from
meson exchanges in OBE models can be reproduced by
expanding to the first order of linear field couplings but
with additional symmetry considerations. By using the
low-momentum potential V., renormalization group ap-
proach [32, 33], taking the "leading order scale sym-
metry (LOSS)” approximation, where the trace anomaly
effect enters only through the dilaton potential, which
breaks scale symmetry explicitly and spontaneously, we
found that the chiral-scale EFT with few parameters can
successfully describe not only NM at the saturation dens-
ity but also compact-star matter at n=(5-7)ny [6]. A
novel phenomena that was not realized before is that in
nuclear matter at densities n = (2 —4)n,, the sound velo-
city of NM may saturate the conformal limit v? = 1/3, but
the trace of the energy-momentum tensor does not vanish,
that is, NM exhibits a pseudo-conformal structure
[34—36]. Moreover, corrections to LOSS in the baryonic
part have been crucial for understanding the quenched g4
value in the super-allowed Gamow-Teller transitions of
heavy nuclei [37, 38].

In this study, we investigate NM properties using
bsHLS with the RMF method. After identifying the NM
properties around ny, it was found that bsHLS using the
RMF method can yield reasonable results. The data can
be reproduced with the choice of 8= 2£ ~ 1, consistent
with the results of Refs. [39, 40], where a fixed dilaton
limit point is assumed in the medium. The combination of
f,m, is constrained to ~2.3x10° MeV?, which is con-
sistent with existing estimations via the skyrmion crystal
approach, such that physically interesting results can be
obtained [41, 42]. By comparing the symmetry energy
Eym and incompressibility coefficient K(n) obtained
from our bsHLS and Walecka-type models, we find that

bsHLS can make the symmetry energy stiff at subsatura-
tion density but soft at intermediate densities to meet the
constraints of GW170817 [43] and the neutron skin thick-
ness of 2%Pb [44] simultaneously, without introducing
additional freedoms, such as the J meson in Refs. [45,
46]. In addition, we find that the incompressibility coeffi-
cient of bsHLS surges at intermediate densities, while the
Walecka-type models exhibit gentler behaviors, resulting
in a better description of the NS M-R relation using
bsHLS. The maximum mass of NS can almost reach 3M,
with a pure hadron phase, meeting the constraints of
GW170817 [43, 47] and PSR J0740+6620 [48, 49],
whereas the Walecka-type models compared in this work,
which saturate these constraints, yield a maximum mass
of approximately 2.2M, [50—52]. This is due to the kink
behavior of ¢ expectations at intermediate densities, in-
duced by the nonlinear realization of scale symmetry.
Moreover, the value of 8, behavior of (y)*, and Brown-
Rho (B-R) scaling at different densities can significantly
affect NS M-R relations, indicating a relationship
between QCD symmetry patterns and macroscopic phe-
nomena.

The remainder of this article is organized as follows:
In Sec. II, we introduce the theoretical framework of
bsHLS and the equation of state (EoS) of NM under the
RMF approximation. In Sec. III, we provide a phenomen-
ological analysis based on experimental data of nuclear
matter and neutron star observations. A comparison with
the Walecka-type models is also made. Finally, a sum-
mary and discussion are presented in Sec. IV.

II. BSHLS IN NUCLEAR MEDIUM

In this section, we establish the theoretical frame-
work of bsHLS and derive the EoS for NM within the
RMF approach. Focusing on NM only composed of nuc-
leons, we restrict the bsHLS Lagrangian to the two-fla-
vor case, involving only u and d quarks. The leading or-
der bsHLS Lagrangian £ can be decomposed into the ba-
ryonic part L and mesonic part Ly:

L=Ly+Lp. Q)

The mesonic part Ly, consisting of o, p, w, and =«
mesons, is constructed as follows [31]:

Ly = [70 [+ (1 =h) | Tr (84,
2
+ m—;qﬂ [hy + (1= )@ | Tr (&)
P
1 (m2 m !
+5 (gi—gg> O [hy+(1—hy) D]
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1 ,
X Tr (d’ﬁ) Tr (CA},’HH) + 5 [h4+(1 —h4)q)ﬁ ] BW\(B",\/
2
+ Z"@“”Tr (MU' + UM") + hs®* + he®***

[hy+(1=hy) O] Tr (V,, V)

8

! 4 V
_Tg% [hs+ (1 =hg) @ | Tr (V) Tr (V) , o

where V,,=9,V,-9,V,—-i[V,,V,] and V.= %(&Jwﬁ
8PSt my, m,,, and M= m2l, are the masses of p, o,
and 7 mesons, respectively. The dilaton field y is intro-
duced as a nonlinear representation y=f,®=
fyexp(o/f,), and B accounts for the anomalous dimen-
sion of gluon field operators, representing the deviation
from the IR fixed point. According to Ref. [53], the A;s,
except hs and hg, are chosen to be 1 for simplification,
and the anomalous dimension vy, is also simply taken to
be 1 (denoted as LOSS). A5 and A4 are constrained by the
saddle point equations

4hs+ 4+ ) he +2m2f2 =0,
12hs + (4+) B+ ) he +2m2f2 = —m2f2 . (3)

In Lagrangian (2), pions are intrToaduced as a nonlinear
field £ = VU =¢'7r, where 7 =7~ with a=1,2,3 rep-

resenting the isospin indices. Its covariant derivative is
defined as

. . 1 a_.da
D& =(0,-1V,) €= {6,, -i5 (gowy + &opiT )} & 4
The Murrer-Cartan 1-forms &, and @ are defined as
A 1
a}i,”=i(l)"§~§f¢D“§*~§) . (5

The baryonic part of the Lagrangian Lz is written as
[31]
Lp=[g1+0 _gl)q)ﬁ/} Niy,D'N
— [g2+(1-g2) @] my®NN
+[g4Ca + 84 (1= Cy) ¥ | Naty, ysN
+[gv,Cy, +gv, (1-Cy,) CDB/] N&jy,N
1

+5 [9uCv +ev, (1-Cy) @ | Tr [0 Ny, N . (6)

where N is the iso-doublet of baryon field, and g; and g,
are set to 1 as suggested in Ref. [53]. For convenience,

we introduce the following combinations of the paramet-
ers:

—_

8wNN = (gv,,Cv,, +gv,Cv, — 1) 8w >

2
1
2

8oNN = (gv,,Cvp - 1) 8p >

1
gf)}g\/?;/ = E [ng (1 _CVp) +8v (1 _CV())] 8w s

1
gonn = 3 [gv, (1-Cy,)] 5, . (7

By regarding the NM as homogeneous matter, the
RMF approximation can be applied. Using Lagrangian
(1), the EOMs of @ and p can be obtained as

me, ®*w — [ngN +g (CDB/ - 1)] (p,, +p,,) =0,
my®°0 = [gown +goan (¥ =1)] (0, =pa) =0, (8)

where p and o denote fields for brevity. Similarly, the
EOM of the o field is derived as

=l Gs) (s

—2f2m>® — 4hs @ — (4 + ) he®**

4 3
my @

m2w*®+ mﬁpz(b =—

+gamB Y " w (p,+py)
+ B Y o (0p—pn) 9)

m3,®3 k
N p(n) . _
where —F (7) refers to scalar density (pp) or
big my®
(finy, and k., is the Fermi momentum of nucleons at zero
temperature.
The energy density can be obtained via Lagrangian

(1) with the solutions of EOMs given above:

o _ 1
(H) = —i{Ny,0'N) + my®(NN) + Emid)zaf

1 ,
+ Emjcpz,o2 — [2mi®* — hs®@* — hy®**F

- )+ ()]

1 1
+ —m? O’ + —m>d*p?

2 w 2 P
— 2m®* — hs®@* — he®*F | (10)
k[,(}’l) k"plj:) 7?2 2 ’
where f Py Jo™ x2 V1 +x2dx’. 1t should be noted
N

that the nonlinear Lagrangian (1) will lead to nonzero
constant vacuum energy &= —f>m2—hs—hs, which is
neglected in our EOS calculations.

The above bsHLS (1) is constructed in a matter-free
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space. When applying it to a medium, it is natural to ex-
pect that the parameters in the Lagrangian should be
changed by medium, i.e., density in this case. We imple-
ment this density effect via B-R scaling [2, 54] and refer
to this density effect as intrinsic density dependence
(IDD). Explicitly, the parameters in Lagrangian (1) scale
as

Mooy o ’ g
My(w,N) fzr mg

~ ()T (1)

A possible choice of @ is 1/(1+r*%) Pion-nuclei
bound state data [55] indicate r ~ 0.2, but we set it as a
free parameter to fit the NM properties in this work. Chir-
al dynamics indicate that pion mass is not changed by
medium, so we set m’/m, ~ 1. The saddle point equation
(3) leads to

o 2QABYME LR e

5 4ﬂ/ 5

~ 4m,*,2f,;‘2 _ m:_Zf;Z

Ry DY

(12)

After the above discussions, we finally obtain the en-
ergy density for phenomenological analysis as

o= |1 () ()]

1 1
2D + 7m;2q)2p2

27 2
— [2m O — bt — @M & (13)

III. PHENOMENOLOGICAL ANALYSIS

In the phenomenological analysis, we choose vacu-
um values f; =92.4 MeV, my =939 MeV, m, = 140 MeV,
m,, =783 MeV, and m, =765MeV [56]. The free para-
meters are My = mqfy, B, 7 8unn»> &onns onn» and Eun s
which can be estimated by the properties of NM around
saturation density ny. The calculated results of NM prop-
erties are listed in Table 1, and the corresponding low en-
ergy constants (LECs) are given in Table 2. It can be seen
that NM properties obtained from both bsHLS-L and
bsHLS-H are consistent with empirical values.

To illustrate the features of bsHLS, we consider a
Walecka-type model [65] for comparison:

Lrmr = lp [i%ﬁu —(my — g0 — 850°7")
- ngN’)//J(’U# - gIJNN’)/lJp#aTa:| lp
1 1
+ = (Bﬂo'a“a'—mfraz) - quo'3
2 3
1

1 1
- Zg30'4 - ZFHVF#V + Emiwﬂw”

Table 1. Properties of nuclear matter: ¢, is the binding en-

OE (n,a)

ergy of nucleon at np, Esym(n) = 3 55 o is the symmetry
a=!

PE®O . . o
energy, K0:9n2%) is the incompressibility coeffi-

n=ng

. PEmO . .

cient, Jo=27n’ 5,5'31 . is the skewness coefficient, and
n=ng

L(n):3naE5;;‘(") is the symmetry energy density slope.

ne ~0.11fm™3 is subsaturation cross density. Two sets of pre-
dictions are shown: bsHLS-L refers to the case where the
surge of K(n) is located at lower density regions, and bsHLS-
H refers to the higher density case. ng is in units of fm™>, and
the others are in units of MeV.

Empirical bsHLS-L bsHLS-H
no 0.155 +0.050 [57] 0.159 0.159
€ —15.0+£1.0 [57] -16.0 -16.0
Ko 23030 [58] 232 284
Esym(nc) 22.4+2.3 [59, 60] 20.8 20.9
Esym(no) 30.9+1.9 [61] 30.5 29.2
Egym(2no) 46.9+10.1 [62] 51.5 50.2
L(ne) 43.7+7.8 [63] 53.2 54.2
L(np) 52.5+17.5[57,61] 85.9 68.3
Jo —400 +390 [64] =767 -599
+ %C3giNN (“’#‘”u)2 - %BZVBIMJ
+ %mﬁ P+ 8o Bu NN T W (al + %a/lg(,a)
+ 8o NPl (az + %aégav)
+ %aégiNNgzNquwu 0P
+ % (8,6°0"6" —m36°6") + %C&,gf,gf;o-zé“é“ ) (14)

The choices of parameters from some references are
listed in Table 3.

A. Nuclear matter properties

The properties of NM are analyzed first. From Table
1, one can see that, with appropriate choices of paramet-
ers in Table 2, our bsHLS can yield NM properties
around (sub)saturation density, satisfying the constraints
from empirical data.

Regarding the L(n.) results listed in Table 1, both
bsHLS-L and bsHLS-H exhibit the stiffness to align with
the neutron skin thickness of Pb*® [44], as well as the
Walecka-type models compared in this work, as shown in
Fig. 1. Moreover, the Ey, behavior of bsHLS is similar
to that of the compared Walecka-type models at low
densities n<no. However, at intermediate densities
around 2n,, the models can be categorized into three sets:
bsHLS and FSU-§6.7 yield the most soft E,, whereas
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Table 2. Estimation of parameters for bsHLS-L and bsHLS-H.

My /(10°MeV?) B Sunn 8N gSSE gSiE
bsHLS-L 1.05 0395 0.161 115 3.78 163 945
bsHLS-H 2.30 115 0191 11.0 417 885 485
Table 3. Choice of parameters for Walekca-type models in
Eq. (14).
NL3[66] TM1[67] FSU-56.7[45] BKA22[68] BSR12[69]
no/fm=3 0.148  0.145 0.148 0.147 0.147
my/MeV 939 938 938 939 939
My MeV 508 511 492 498 499
My, /MeV 783 783 783 782 783
my/MeV 763 770 763 770 763
ms/MeV 0 0 980 0 0
8 102 100 10.2 10.6 10.6
ZwNN 129 126 13.4 13.9 13.9
8oNN 447 463 7.27 6.47 5.48
g 0 0 6.70 0 0
g2/fm™! 104 723 8.09 11.0 10.6
& 289 0618 5.88 113 10.2259
3(1073) 0 2.82 5.28 5.00 5.00
a/(fm™1.1073) 0 0 0 1.32 1.26
@} (107%) 0 0 0 0.124 0.00520
@ /fm™! 0 0 0 0.150 0.0475
ay(1072) 0 0 0 0 5.10
a4(1072) 0 0 2.14 0 1.16
Csr(1072) 0 0 3.85 0 0

NL3 and TM1 give most stiff one, and BSR12 and
BKA22 fall in between. The Walecka-type models

(a) Symmetry energy as a function of

density.

Fig. 1.
and Walecka-type models.

. o ap
(color online) Incompressibility, K =95",

without the 0 meson are not soft sufficient at the interme-
diate densities, while bsHLS provides a more reasonable
behavior without introducing d.

It will be seen later that this difference can affect the
tidal deformation of NS.

For the incompressibility, the results of bsHLS and
the compared Walekca-type models show significant dif-
ferences at intermediate densities: Walecka-type models
exhibit a monotonic behavior with density, whereas
bsHLS shows a kink behavior around (1 ~ 2)n,. This kink
behavior results in a peak structure in the sound velocity,
which plays an important role in determining the M-R re-
lation of NS and is attributed to the manifestation of scale
symmetry in nuclear matter [70].

B. Neutron star structures

Next, the NS M-R relations are studied using the
EOSs discussed above for pure neutron matter (PNM).
The results of NS M-R relations are shown in Fig. 2 and
Table 4

From Fig. 2, all the M-R relations satisfy the casual
limits, but the parts of bsHLS and NL3 near and past the
maximum mass point fall into the negative trace anomaly
region. However, the trace anomaly constraint is estim-
ated from the pQCD side, whose corresponding density
region is above (20-30)n, [78], which is far from the
central density of an NS core. In fact, M-R relations can
be improved by correcting the scale symmetry pattern to
have a physically reasonable behavior in the high density
region, as discussed later in this section. Besides, one can
see that the M-R relation obtained from bsHLS-L cannot
satisfy the radius constraint, which will be also discussed
in detail in the next section.

bsHLS-H predicts that an M-R relation falls within
the constraints of astro-observations with an obviously
larger maximum mass around 2.8M,, compared to Wa-
lecka-type models: when meeting the NS constraints, the

1.4x10*

bsHLS-H
L bsHLS-L
1.2x 104_— ....... FSU-66.7

E BSR12
1x10%F ----- BKA22
™!

8)(1035_ ________ NL3

KIMeV]

6x10°F

4x10%

2x10%F

(b) Incompressibility as a function of

density.

which is reduced to Ky at ng, and symmetry energy of symmetric NM from bsHLS
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A=1/3-ple20

¢ GW170817
PSR-J0740+6620
PSR-J0030+0451

o011 v v 1, . o, 1

-

10 12 14
R[km]

Fig. 2.

16 18

(color online) M-R relations from bsHLS and Walecka-type models. The constraints are estimated from Refs. [43, 47, 49, 71,

72]. The M-R relation is calculated by solving the Tolman-Oppenheimer-Volkoff (TOV) equation [73, 74]. All EoSs for TOV equa-
tion calculation are interpolated to a BPS EoS [75] below 0.01 fm™3 [76].

Table 4. Tidal deformations from bsHLS and Walecka-type models defined in Eq. (14) and Table 3 for NS with mass of 1.4 M.
They are calculated from the EOSs used for the M-R relation in Fig. 2, using the formalisms in Ref. [77].
Empirical [43] bsHLS-L bsHLS-H ™1 NL3 FSU-66.7 BKA22 BSR12
Ala 190+3%0 2120 910 2240 2826 878 1348 1245

—120

M.x of NSs predicted by these Walecka-type models is
around or slightly above 2.2M,, as discussed in Refs.
[50-52, 79, 80].

Although the result from FSU-§6.7 satisfies these
constraints, it requires a new degree of freedom o to be
introduced. The Walecka-type models without ¢ con-
sidered in this study cannot provide consistent results
with the constraints of NSs, though they reproduce the
NM properties around ny [67, 81]. This highlights the ad-
vantage of bsHLS in interpreting the structures of nuclei
and NSs within a unified framework. In addition, be-
cause of the larger predicted M., ~2.8M,, which is
close to the upper limit of NS of the gap problem in the
continuous mass distribution of supernova remnants [82,
83], by pure hadron matter with bsHLS-H, this new ap-
proach may have profound implications for understand-
ing the gravitational wave event GW190814 [84].

For tidal deformations from Table 4, one can con-
clude that only the results of bsHLS-H and FSU-66.7 are
close to the constraints of GW170817 [43]. This is due to
the softness of E,, from these two at intermediate dens-
ities, as shown in Fig. 1. However, the tidal deformation
of bsHLS-L is very large, though the symmetry energy at
intermediate densities is also soft. This is due to the very
early surge of incompressibility, as shown in Fig. 1, lead-
ing to large maximum mass of NS and a more distorted
M-R relation: compact NSs for small mass ones but loose
NSs to reach such a large maximum mass. The same reas-
oning applies to the Walecka-type models, NL3, TMI,
BKA22, and BSR12.

To show the rationality of the above discussions, we
also plot the M-R relations in beta equilibrium matter—a

more realistic case but beyond the present framework—in
Fig. 3. One can see that the maximum mass of an NS
does not change much, while the M-R relations all be-
come more compact, favored by observations. Thus, the
inclusion of beta equilibrium matter does not change the
main conclusion drawn above.

In summary, the above discussion stresses that, in
contrast to the Walecka-type models, where the isovector
scalar ¢ is needed, the bsHLS anchored on the chiral and
scale symmetries of QCD with self-consistent power
counting can yield phenomenological results that align
with the observation data and predict the maximum mass
above 2.5M,. It also implies that the scaling parameter
r=0.19, g ~1.15, M, =m,f, ~23x10° MeV?, and the
couplings between vector mesons and nucleons g,yy =
4.17, goyy =~ 11.0. The scaling parameter r ~ 0.19 is con-
sistent with pion-nuclei bound state data [55], while
B ~ 1.15 agrees with estimates from the skyrmion crystal
approach [39, 40]. If f, is taken to be 3f; =~ 270 MeV,
m, ~ 850 MeV, while the power-counting mechanism of
Crewther and Tuntall remains valid [28]. The coupling
constant g,yy ~ 4.17 aligns with the results from the OBE
potential analysis of nucleon interactions [9], and
gunn ~ 11.0 is in agreement with the analyses of nucleon-
nucleon scatterings [85].

C. Patterns of scale symmetry and

phenomenologies

The difference between bsHLS-L and bsHLS-H be-
comes significant in the M-R relation, as shown in Fig. 2
and discussed in the previous section, though it is not dis-
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4_
I GW170817
PSR-J0740+6620
PSR-J0030+0451
............ bsHLS-H
3 bsHLS-H-B
bsHLS-L
bsHLS-L-B
o P— FSU-66.7
= o FSU-66.7-5
2 2
1~
& rEP B S T S
8 10 12 14 16 18
Rkm]
Fig. 3.  (color online) M-R relations from bsHLS and Wa-

lecka-type models based on PNM and beta equilibrium matter
calculations.

tinguishable from the NM properties around saturation
density. To understand these more deeply, the pressure of
PNM is calculated around and below saturation density
and compared with the results of the conventional chiral
nuclear force, as shown in Fig. 4. One can see that the
pressure of bsHLS-H can align with the constraints up to
saturation density, while bsHLS-L is slightly higher
around n,. However, at low densities, below 0.1 fm™, the
chiral nuclear force and bsHLS results are consistent with
each other because the mesons can be integrated out at
this region in the description of nucleon interactions,
leading to the equivalence of the two approaches. This
strengthens the validity of our results.

Furthermore, we plot the SNM pressure beyond the
saturation density and compare it with the heavy ion col-
lision (HIC) analysis and chiral nuclear force results in
Fig. 5. It can be seen that the results of BSR12, BKA22,
and FSU-66.7 can fall in the region above 2.5n,, which
mostly influences the maximum mass of neutron star:
those in the constraints have smaller maximum mass, and
those above the constraints have larger maximum mass.
The results of bsHLS-L and bsHLS-H are both above the
constraints, and bsHLS-L is even above the chiral nucle-
ar force results. One reason for this is that the HIC flow-
data constraints are not included in our fitting process,
and possible ways to fix the discrepancy will be dis-
cussed later in this section.

Before the kink of the incompressibility at ~ 2n, (also
the kink of pressure) in Fig. 1, the pressure of bsHLS is
smaller than those of all the compared Walecka-type
models, and such kink behavior is not excluded by the
constraints, which offers the opportunity for a compact
but heavy NS.

The key difference lies in B for bsHLS-H and
bsHLS-L, which is connected to the existence of the
pseudo-conformal structure at high densities [40]. The 8’
of bsHLS-H aligns with the constraints of the pseudo-
conformal limit, whereas the 8’ of bsHLS-L does not.

bsHLS-H
bsHLS-L

& XEFT-N2LO
S XEFT-N’LO
3 o
=
T
e e— L L 1 L L L L 1
0.05 0.1 0.15
n[fm=]
Fig. 4. (color online) Pressure as a function of density for

PNM. The orange and blue shaded regions come from N?LO
and N°LO of chiral nulear force results, respectively [86].

=)
S
I

@
=}
T

P[MeV/fm®]

bSHLS-L  wemee NL3
FSU-66.7 Hic
BSR12 XEFT-NLO

..... BKA22 XEFT-NLO

o
T

o
ol

PR YU S S TN TR S T NN T S N (ST S S
0.4 0.5 0.6 0.7 0.8

Fig. 5.
SNM. The gray hatched area represents the constraints from
AutAu flow-data analysis [87]. The green shaded region
comes from chiral nuclear force results [88]. The numbers

(color online) Pressure as a function of density for

next to the curves represent the predicted maximum masses of
neutron stars.

This highlights the impact of scale symmetry patterns on
NS M-R relations.

Moreover, because o is nonlinearly coupled with oth-
er mesons (see Eq. (8)) through a conformal compensat-
or, its density dependence shows a kink behavior that is
not observed in Walecka-type models [70]. As a result,
the order parameter (y)", calculated based on bsHLS,
does not approach zero throughout the density regions,
which is necessary for the (pseudo-)conformal limits of
QCD at high densities [35, 40, 89]. Considering the de-
rivation of bsHLS to HIC flow-data analysis and to re-
cover the expected behavior of (y)*, a possible approach
is to couple an additional factor to g,y to obtain the ef-
fective coupling Zuvy = gwvn/(1+RE) [70, 90].

As shown in Table 5, the NM properties can be repro-
duced with the parameter set bsHLS-HS: M, =2.25x
10° MeV?, B =1.14, guw=115, gy =427,8335 =
8.70, gvw =4.85, r=0.20, and R=0.02. Moreover, as
shown in Fig. 6, the M-R relations for PNM are roughly
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Table 5. Quantities of nuclear matter with additional suppressions of g,ny. The definitions and constraints are the same as in Table 1.

no €0 Ky Egym(ne) Esym(no) Esym(2n9) L(n,) L(no) Jo
bsHLS-HS 0.159 -16.0 259 21.6 30.3 52.9 55.4 74.5 -720
________ 1.4x10°F
................ =1/3-ple=0 1.2x 104:_
-------- ’ r bsHLS-H
PPy R bsHLS-HS
................... = 8x10%F —
[o] = [ r Seng
= =} 3: ™
s L ¥ 6x10°F =
L GW170817 N
[ PSR-J0740+6620 4x10°
1 PSR-J0030+0451 [
N bsHLS-H 2x10%F
L bsHLS-HS L
[ 0 iilsisaligiilesisleiivliiveliveilogiil
b | | | | 01 02 03 04 05 06 07 08
= — L L — — L -3
10 12 14 16 nffm™]
RIK
. tkm } o (a) Incompressibilities as a function of density in SNM.
Fig. 6. (color online) NS M-R relation results with/without i
. oF
gwNN Suppression. [
120F
consistent with observational constraints, but there is a I S — odpait )
decrease in M, compared to bsHLS-H, which makes :
the M-R relation fall within the positive trace anomaly re- § 80
gion. ok
To understand the discrepancies in the M-R relations, ST
the incompressibilities and symmetry energies are also 40
calculated for bsHLS-H and bsHLS-HS, as shown in 203_

Fig. 7.

It can be seen that the symmetry energy remains al-
most the same in both cases. However, the incompressib-
ility of bsHLS-HS is much softer than that of bsHLS-H at
high densities, leading to a decrease in M,,,,. This gives
us a hint to find a model compatible with the HIC SNM
pressure constraint by introducing a suppression factor, as
shown in Fig. 8, which also provides the rationality from
the phenomenological side to add such suppression at
high densities.

At low or intermediate densities, the incompressibilit-
ies of both cases are similar, which results in the M-R re-
lations being comparable in the region of NS constraints.

Additionally, the NM properties are investigated with
B-R scaling turned off. We find that with the parameter
set of bsHLS-N (M, = 1.11x 10° MeV2, g = 1.10, gy =
~11.0, gy =4.17, ¢85k =-192, and 5§ =4.85), the
NM properties can still be reproduced (e.g., ny=0.16
fm~, e =-160MeV, Ko=241MeV, Eyn(n) =293
MeV). However, this approach results in a much softer
scale symmetry parameter (y)* flow compared to the
cases with B-R scaling. As a result, the M-R relation be-
comes unnatural and deviates from the constraints, as
shown in Fig. 9.

All these findings, including the necessity of introdu-
cing g,vy suppression and B-R scaling, signify the im-
portance of properly parameterizing the scale symmetry

o) SeFEFE EFEPEIFE EPEFIFES PR EPAFENEE PR B R |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

n[fm™=3]

(b) Symmetry energies as a function of density.

Fig. 7.  (color online) NM property results with/without
gwNN Suppression.

in densities. This reminds us of past work on the quench-
ing factors of g,, which affect the § decay of neutrons in
dense environments (see Ref. [38] for details). From the
comparison among the various cases discussed above,
valuable lessons about NS and NM properties have been
learned, providing guidance on hadron interaction para-
meterization to describe dense NM. Because the differ-
ences between bsHLS and Walecka-type models in our
analysis are at intermediate density regions, not far from
ny, it is expected that examining bsHLS in dense systems
will be promising in future experiments.

IV. CONCLUSION AND DISCUSSION

In this study, the bsHLS, constructed based on the
philosophy of yEFT with HLS and a possible IR fixed
point of QCD at low energies, was applied to dense envir-
onments using the RMF approximation, with free para-
meters fixed by pinning the nuclei structure data around
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Fig. 8.  (color online) Pressure as a function of density for

SNM with bsHLS model.

n/ng

(a) (x)*/fy as a function of density.
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(b) MR relation of NS.
Fig. 9. (color online) (x)*/f, in pure neutron matter and NS

M-R relation results with/without B-R scaling.

ny. The NM properties and NS M-R relations can be well
reproduced, closely matching empirical values in the
bsHLS-H case.

Without introducing many freedoms, such as the ¢
meson, and with operators organized to respect chiral and
scale symmetry considerations and expanded by chiral-
scale orders, the bsHLS can provide a reasonable behavi-
or of NM properties from subsaturation to intermediate
densities, e.g., K(n) and Egn(n), compared to Walecka-

type models. Moreover, the NS M-R relations are sensit-
ive to NM properties at these density regions, making
bsHLS outperform Walecka-type models in describing a
wider range of densities. More specifically, the kink be-
havior of the ¢ field in bsHLS at intermediate densities
allows the M, to reach nearly 3 M, for PNM, while
other NS observational constraints are still satisfied.

However, the above discussions are all based on ana-
lysis where parameter sets are fitted to the nuclear matter
properties around saturation density, and then EOSs are
extended to neutron star matter. In principle, the paramet-
er sets may describe the neutron star matter better if they
include the neutron star observations in the fitting pro-
cess. Further study on this topic will be improved by a
more systematic fitting procedure, as discussed in Ref.
[50], which will help to refine the parameter sets and en-
hance the predictive power of the model.

Besides, the behaviors of symmetry patterns in dense
environments are also found to be pivotal to macroscopic
phenomena. If there is no restoration point of scale sym-
metry at certain densities, such as the g’ value of bsHLS-
L, the NS M-R relations will fall outside observational
constraints. The M, of predicted NSs is influenced by
the behavior of the order parameter of scale symmetry,
W

Furthermore, the study of the flow of (y)* with dens-
ities suggests the necessity of introducing an additional
suppression factor for g,vy torecover the scale sym-
metry, and it could be an interesting problem for further
investigation. As a good starting point, recovering the ex-
pected scale symmetry behavior has been shown to be a
possible way to heal the discrepancy with the HIC flow-
data analysis. A more systematic study on the analysis of
HIC flow data with the bsHLS can be conducted in the
future via: 1. including the potential induced by our ap-
proach, where the o meson is introduced as a exponential
field y in the transport model [91], II. including the HIC
flow-data constraints in our fitting process in addition to
the NM properties around saturation density, and III. in-
troducing the additional suppression from a more funda-
mental consideration of QCD.

In summary, introducing bsHLS to NM studies is a
promising approach due to its close relation to QCD sym-
metry patterns and the effective potentials organized by
chiral-scale orders, which have already proven success-
ful in describing scattering experiments under vacuum.
The relationship between microscopic symmetries and
macroscopic phenomena found in this work is also a
valuable topic to be further studied.
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