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Massive Neutron stars

PSR J1614-2230: 1.928±0.017 M⨀

PSR J0348+0432: 2.01±0.04 M⨀

PSR J0740+6620: 2.14±0.10 M⨀
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Figure 2

The most recent measurement of neutron star masses. Double neutron stars (magenta), recycled pulsars
(gold), bursters (purple), and slow pulsars (cyan) are included.

masses, from ≈ 1.1−2 M!. The differences between the neutron star masses in different categories

are also evident. To study and characterize the mass distributions of these different classes in more
detail, it is possible to use Bayesian statistical techniques on the currently available measurements.

In particular, the three different categories of sources, namely, the DNSs, the slow pulsars (i.e., the
small spin period pulsars and neutron stars with high mass companions, which are likely to be near

their birth masses) and the recycled pulsars (which include all MSPs and the accreting neutron

stars with low-mass companions) can each be modeled with Gaussian functions with a mean of M0

and a dispersion σ

P (MNS;M0,σ) =
1

√
2πσ2

exp

[

−
(MNS −M0)

2

2σ2

]

. (8)

Several studies have employed Bayesian techniques to measure the most likely values of the mean

and dispersion for these systems (Özel et al. 2012; Kiziltan et al. 2013). Fig. 3 shows the inferred
mass distributions for these different categories of neutron stars. The most likely values of the
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The GW190814-2.6M⨀ object

unequal mass ratio q= �
�0.112 0.009

0.008, with individual source
masses m1= �

�23.2 1.0
1.1 Meand m2= �

�2.59 0.09
0.08 Me, as shown in

Figure 3. A summary of the inferred source properties is given
in Table 1. We assume a standard flat ΛCDM cosmology with
Hubble constant H0=67.9 km s−1 Mpc−1 (Ade et al. 2016).

We report detailed results obtained from the two precessing
BBH signal models including subdominant multipole
moments: Phenom PHM and EOBNR PHM. In order to
compare the template models, we compute their Bayes factor
( �log10 ). We find no significant evidence that one waveform
family is preferred over the other as the Bayes factor between
Phenom PHM and EOBNR PHM is ��log 1.010 . As a result,
we combine the posterior samples with equal weight, in effect
marginalizing over a discrete set of signal models with a
uniform probability. This is shown in the last column of
Table 1, and we refer to these values throughout the paper
unless stated otherwise.

We find that the secondary mass lies in the range of
2.50–2.67Me. This inferred secondary mass exceeds the bounds
of the primary component in GW190425(1.61–2.52Me; Abbott
et al. 2020a) and the most massive known pulsar in the Galaxy:

:�
� M2.14 0.09

0.10 at 68.3% credible interval (Cromartie et al. 2019).
Furthermore, the secondary is more massive than bounds on the
maximum NS mass from studies of the remnant of GW170817,
and from theoretical(Abbott et al. 2018) and observational
estimates(Farr & Chatziioannou 2020). The inferred secondary
mass is comparable to the putative BH remnant mass of
GW170817(Abbott et al. 2019b).

The primary object is identified as a BH based on its measured
mass of �

�23.2 1.0
1.1 Me. Due to accurately observing the frequency

evolution over a long inspiral, the chirp mass is well constrained
to �

�6.09 0.06
0.06 Me. The inferred mass ratio q= �

�0.112 0.009
0.008makes

GW190814only the second gravitational-wave observation with
a significantly unequal mass ratio(Abbott et al. 2019a, 2020d).
Given that this system is in a region of the parameter space

that has not been explored via gravitational-wave emission
previously, we test possible waveform systematics by compar-
ing the Phenom and EOB waveform families. Differences in
the inferred secondary mass are shown in Figure 4. The results
indicate that the inferred secondary mass is robust to possible
waveform systematics, with good agreement between the
Phenom PHM and EOBNR PHM signal models. Signal
models that exclude higher multipoles or precession do not
constrain the secondary mass as well.
The time delay of a signal across a network of gravitational

wave detectors, together with the relative amplitude and phase
at each detector, allows us to measure the location of the GW
source on the sky(Abbott et al. 2020b). We localize
GW190814ʼs source to within 18.5 deg2 at 90% probability,
as shown in Figure 2. This is comparable to the localization of
GW170817(Abbott et al. 2017a, 2019a).
Spins are a fundamental property of BHs. Their magnitude

and orientation carry information regarding the evolution
history of the binary. The effective inspiral spin parameter
χeff (Damour 2001; Racine 2008; Santamaría et al. 2010; Ajith
et al. 2011) contains information about the spin components
that are perpendicular to the orbital plane. We infer that χeff=
� �

�0.002 0.061
0.060. The tight constraints are consistent with being

able to measure the phase evolution from the long inspiral.
Orbital precession occurs when there is a significant spin

component in the orbital plane of the binary(Apostolatos et al.
1994). We parameterize precession by the effective precession
spin parameter 0�χp�1 (Schmidt et al. 2015). This effect
is difficult to measure for face-on and face-off systems
(Apostolatos et al. 1994; Buonanno et al. 2003; Vitale et al.
2014, 2017; Fairhurst et al. 2019a, 2019b). GW190814con-
strains the inclination of the binary to be Θ= �

�0.8 0.2
0.3 rad. Since

the system is neither face-on nor face-off, we are able to put
strong constraints on the precession of the system: χp=

�
�0.04 0.03

0.04. This is both the strongest constraint on the amount of
precession for any gravitational-wave detection to date, and the
first gravitational-wave measurement that conclusively mea-
sures near-zero precession(Abbott et al. 2019a, 2020a, 2020d).
By computing the Bayes factor between a precessing and

nonprecessing signal model ( _�log 0.510 in favor of preces-
sion), we find inconclusive evidence for in-plane spin. This is
consistent with the inferred power from precession S/N ρp
(Fairhurst et al. 2019a, 2019b), whose recovered distribution
resembles that expected in the absence of any precession in the
signal; see Figure 5. The ρp calculation assumes a signal
dominated by the ℓ=2 mode; however, we have verified that
the contribution of higher harmonics to the measurement of
spin precession is subdominant by a factor of 5. The data are
therefore consistent with the signal from a nonprecessing
system.
Figure 4 shows that signal models including spin-precession

effects give tighter constraints on the secondary mass compared
to their nonprecessing equivalents. Signal models that include
spin-precession effects can constrain χp, whereas nonpreces-
sing signal models cannot provide information on in-plane spin

Figure 3. Posterior distribution of the primary and secondary source masses for
two waveform models that include precession and subdominant multipole
moments. The posterior distribution resulting from combining their samples is
also shown. Each contour, as well as the colored horizontal and vertical lines,
shows the 90% credible intervals. The right panel compares m2 to predictions
for the maximum NS mass, Mmax (see Section 6). The posterior distribution for
Mmax from the spectral equation of state analysis of GW170817(Abbott
et al. 2018) is shown in orange, and the empirical Mmax distribution from the
population model of Farr & Chatziioannou (2020) is shown in green. The gray
dashed line and shading represent the measured mass of the heaviest pulsar in
the Galaxy(median and 68% confidence interval; Cromartie et al. 2019). The
solid gray band at 2.3Me is the upper bound on Mmax from studies of
GW170817ʼs merger remnant.
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Density-dependent CDFT

BAO YUAN SUN, WEN HUI LONG, JIE MENG, AND U. LOMBARDO PHYSICAL REVIEW C 78, 065805 (2008)

TABLE V. Maximum mass limits Mmax (M!), the corresponding central densities ρmax(0) (fm−3), and radii R(Mmax) (km) for neutron stars
calculated by DDRHF and RMF effective interactions. The radii (km) for 1.4M! neutron stars are shown as well.

PKO1 PKO2 PKO3 GL-97 NL1 NL3 NLSH TM1 PK1 TW99 DD-ME1 DD-ME2 PKDD

Mmax 2.45 2.45 2.49 2.02 2.81 2.78 2.80 2.18 2.32 2.08 2.45 2.49 2.33
ρmax(0) 0.80 0.81 0.78 1.09 0.66 0.67 0.65 0.85 0.80 1.10 0.84 0.82 0.89
R(Mmax) 12.4 12.3 12.5 10.9 13.4 13.3 13.5 12.4 12.7 10.7 11.9 12.1 11.8
R(1.4M!) 14.1 13.8 13.9 13.3 14.7 14.7 14.9 14.4 14.5 12.4 13.2 13.3 13.7

4. Mass-radius relation and observational constraint

Recent astronomic observations also provide constraints
on the mass-radius relation of neutron stars. In this paper,
four typical observations are adopted to test the theoretical
calculations:

(i) the large radiation radius R∞ = 16.8 km (R∞ =
R/

√
1 − 2GM/Rc2) from the isolated neutron star RX

J1856 [16],
(ii) the redshift z $ 0.345, the mass M ! 2.10 ± 0.28M!,

and the radius R ! 13.8 ± 1.8 km constraints in LMXB
EXO 0748-676 [18,19],

(iii) M <∼ 1.8M! and R <∼ 15km constraints from the high-
est frequency of QPOs (1330 Hz) ever observed in 4U
0614 + 09 [20], and

(iv) several neutron stars in LMXBs with gravitational
masses between 1.9M! and possibly 2.1M! from the
QPO data analysis in LMXB 4U 1636-536 [13].

Figure 10 shows the mass-radius relations of neutron
stars calculated by DDRHF with PKO1, PKO2, and PKO3
and RMF with GL-97, NL3, PK1, TW99, DD-ME2, and
PKDD. The results with more RMF effective interactions have
been investigated in Ref. [53]. For comparison, the selected
observational constraints are marked with different colors and
grids, as shown in Fig. 10. The causality limit that

√
∂p/∂ε " 1

results in R > 2.9 GM/c2 [78,79] and the corresponding
region in Fig. 10 is marked in black. Compared to all the
observational limits, it is found that better agreements are
obtained by the DDRHF effective interactions than the RMF
ones. Among the RMF results, GL-97 is excluded by the limits
from RX J1856, and TW99 is excluded by the limits from both
RX J1856 and EXO 0748-676, but NL3 could not fulfill the
constraint from 4U 0614 + 09. If the upper mass limit of
2.1M! is taken in 4U 1636-536, neither GL-97 and TW99
are satisfied. The detailed criteria of the M-R constraints

FIG. 10. (Color online) Mass-radius relations of neutron stars
provided by the DDRHF and RMF calculations and the corresponding
maximum masses ( marked by filled star symbols). For comparison
are also shown the four separate observational constraints from RX
J1856 (gray grided region), 4U 0614 + 09 (cyan grided area), 4U
1636-536 (yellow grided area), and EXO 0748-676 (error bar for 1σ

error). The black region is excluded by causality that R > 2.9 GM/c2

[78,79]. See the text for details.

are presented in Table VI. It is shown that the predictions
given by DDRHF with the PKO series and RMF with PK1,
TM1, DD-ME1, DD-ME2, and PKDD fulfill all the M-R
constraints.

In Refs. [58,59], the radius of neutron stars with a mass
of 1.4M! was found to be correlated with the neutron skin
thickness of 208Pb as well as the symmetry energy. If the
oberservation can limit the radius of neutron stars to a narrow
range, a strong constraint can be imposed on the symmetry
energy. However, if the neutron skin thickness of 208Pb or
the symmetry energy could be precisely determined from
terrestrial experiments, this would be helpful for understanding

TABLE VI. The criteria of the M-R constraints: (1) the isolated neutron star RX J1856, (2) EXO 0748-676, (3) the low-mass X-ray binary
4U 0614 + 09, (4-u) 4U 1636-536 with its upper mass limits, and (4-l) 4U 1636-536 with its lower mass limits. Fulfillment (violation) of a
constraint is indicated with + (−) and the marginal cover is marked with δ. See the text for details.

PKO1 PKO2 PKO3 GL-97 NL1 NL3 NLSH TM1 PK1 TW99 DD-ME1 DD-ME2 PKDD

1 + + + − + + + + + − + + +
2 + + + + + + + + + & + + +
3 + + + + & & − + + + + + +
4-u + + + − + + + + + & + + +
4-l + + + + + + + + + + + + +
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FIG. 1. (Color online) The coupling con-
stants gσ , gω, gρ , and fπ as functions of the
baryonic density ρb (fm−3) for the DDRHF
effective interactions PKO1, PKO2, and PKO3
and the RMF ones PKDD, TW99, and DD-ME2.
The shadowed area represents the empirical
saturation region ρb = 0.166 ± 0.018 fm−3.

give larger values of gρ . This is also due to the exchange
contributions. In DDRHF, significant contributions to the
isospin part of nuclear interaction are found in exchange terms
of isovector mesons as well as isoscalar ones. It is different
from the situation in RMF in which the isospin properties
are only described by the direct part of ρ-coupling. For the
π -meson, the contribution in neutron stars is negligible since
fπ tends to vanish at high densities.

3. Equations of state

The equations of state calculated by DDRHF with PKO1,
PKO2, and PKO3 are shown in Figs. 2 and 3, respectively,
for symmetric nuclear matter and pure neutron matter. The
results calculated by RMF with TW99, DD-ME2, and PKDD
are also shown for comparison. (See Ref. [53] for the density
dependence of the EoS on more RMF effective interactions.)
As can be seen from these two figures, identical behaviors

FIG. 2. (Color online) The binding energy per particle, EB/A, as
a function of the baryonic density ρb for symmetric nuclear matter.
The results are calculated by DDRHF with PKO1, PKO2, and PKO3,
in comparison with those by RMF with TW99, DD-ME2, and PKDD.

of the EoS are provided by all the effective interactions
in the low-density region (ρb < ρ0) but in the high-density
region pronounced deviations exist among different effective
interactions.

For the symmetric nuclear matter in Fig. 2, DDRHF with
PKO1, PKO2, and PKO3 provides similar equations of states to
RMF with PKDD and DD-ME2, whereas a much softer EoS
is obtained by RMF with TW99 when the density becomes
high. For the pure neutron matter in Fig. 3, the curves can
be classified into three groups according to the behaviors of
the EoS in the high-density region. Among all the effective
interactions, the DDRHF ones give the hardest equations of
state and in the RMF TW99 gives the softest one, whereas
DD-ME2 and PKDD provide similar equations of states,
which lie between the hardest and softest. Since the DDRHF
parametrizations were performed by fitting the properties of
finite nuclei and nuclear matter around the saturation point
[67], which corresponds to the low-density region, it becomes
necessary to test the extrapolation of the effective interactions
PKO1, PKO2, and PKO3 to high densities.

FIG. 3. (Color online) Similar to Fig. 2 but for pure neutron matter.
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TABLE V. Maximum mass limits Mmax (M!), the corresponding central densities ρmax(0) (fm−3), and radii R(Mmax) (km) for neutron stars
calculated by DDRHF and RMF effective interactions. The radii (km) for 1.4M! neutron stars are shown as well.

PKO1 PKO2 PKO3 GL-97 NL1 NL3 NLSH TM1 PK1 TW99 DD-ME1 DD-ME2 PKDD

Mmax 2.45 2.45 2.49 2.02 2.81 2.78 2.80 2.18 2.32 2.08 2.45 2.49 2.33
ρmax(0) 0.80 0.81 0.78 1.09 0.66 0.67 0.65 0.85 0.80 1.10 0.84 0.82 0.89
R(Mmax) 12.4 12.3 12.5 10.9 13.4 13.3 13.5 12.4 12.7 10.7 11.9 12.1 11.8
R(1.4M!) 14.1 13.8 13.9 13.3 14.7 14.7 14.9 14.4 14.5 12.4 13.2 13.3 13.7

4. Mass-radius relation and observational constraint

Recent astronomic observations also provide constraints
on the mass-radius relation of neutron stars. In this paper,
four typical observations are adopted to test the theoretical
calculations:

(i) the large radiation radius R∞ = 16.8 km (R∞ =
R/

√
1 − 2GM/Rc2) from the isolated neutron star RX

J1856 [16],
(ii) the redshift z $ 0.345, the mass M ! 2.10 ± 0.28M!,

and the radius R ! 13.8 ± 1.8 km constraints in LMXB
EXO 0748-676 [18,19],

(iii) M <∼ 1.8M! and R <∼ 15km constraints from the high-
est frequency of QPOs (1330 Hz) ever observed in 4U
0614 + 09 [20], and

(iv) several neutron stars in LMXBs with gravitational
masses between 1.9M! and possibly 2.1M! from the
QPO data analysis in LMXB 4U 1636-536 [13].

Figure 10 shows the mass-radius relations of neutron
stars calculated by DDRHF with PKO1, PKO2, and PKO3
and RMF with GL-97, NL3, PK1, TW99, DD-ME2, and
PKDD. The results with more RMF effective interactions have
been investigated in Ref. [53]. For comparison, the selected
observational constraints are marked with different colors and
grids, as shown in Fig. 10. The causality limit that

√
∂p/∂ε " 1

results in R > 2.9 GM/c2 [78,79] and the corresponding
region in Fig. 10 is marked in black. Compared to all the
observational limits, it is found that better agreements are
obtained by the DDRHF effective interactions than the RMF
ones. Among the RMF results, GL-97 is excluded by the limits
from RX J1856, and TW99 is excluded by the limits from both
RX J1856 and EXO 0748-676, but NL3 could not fulfill the
constraint from 4U 0614 + 09. If the upper mass limit of
2.1M! is taken in 4U 1636-536, neither GL-97 and TW99
are satisfied. The detailed criteria of the M-R constraints

FIG. 10. (Color online) Mass-radius relations of neutron stars
provided by the DDRHF and RMF calculations and the corresponding
maximum masses ( marked by filled star symbols). For comparison
are also shown the four separate observational constraints from RX
J1856 (gray grided region), 4U 0614 + 09 (cyan grided area), 4U
1636-536 (yellow grided area), and EXO 0748-676 (error bar for 1σ

error). The black region is excluded by causality that R > 2.9 GM/c2

[78,79]. See the text for details.

are presented in Table VI. It is shown that the predictions
given by DDRHF with the PKO series and RMF with PK1,
TM1, DD-ME1, DD-ME2, and PKDD fulfill all the M-R
constraints.

In Refs. [58,59], the radius of neutron stars with a mass
of 1.4M! was found to be correlated with the neutron skin
thickness of 208Pb as well as the symmetry energy. If the
oberservation can limit the radius of neutron stars to a narrow
range, a strong constraint can be imposed on the symmetry
energy. However, if the neutron skin thickness of 208Pb or
the symmetry energy could be precisely determined from
terrestrial experiments, this would be helpful for understanding

TABLE VI. The criteria of the M-R constraints: (1) the isolated neutron star RX J1856, (2) EXO 0748-676, (3) the low-mass X-ray binary
4U 0614 + 09, (4-u) 4U 1636-536 with its upper mass limits, and (4-l) 4U 1636-536 with its lower mass limits. Fulfillment (violation) of a
constraint is indicated with + (−) and the marginal cover is marked with δ. See the text for details.

PKO1 PKO2 PKO3 GL-97 NL1 NL3 NLSH TM1 PK1 TW99 DD-ME1 DD-ME2 PKDD

1 + + + − + + + + + − + + +
2 + + + + + + + + + & + + +
3 + + + + & & − + + + + + +
4-u + + + − + + + + + & + + +
4-l + + + + + + + + + + + + +
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Fig. 1. Two-dimensional projections of the distribution of the functional variations in the 8-dimensional parameter hyperspace of the DDME-X functional. The colors indicate 
the !χ2 value of the χ2

norm(p) of the functional variation where the latter is expressed as χ2
norm(p) = χ2

norm(p0) +!χ2. A color map is used for the functional variations with 
maximum value of !χ2 equal to !χ2

max = 3.0; there are 200 such variations. The optimal functional is located at the intersection of the lines f (pk) = 1.0 and f (p j) = 1.0. 
The solid lines in panels (e) and (f) display the parametric correlations between the respective parameters.

Fig. 2. The same as Fig. 1 but for the functional PC-X.

isovector channel, but the number of parameters in the isoscalar 
channel is reduced by parametric correlations from 3 to 1. In the 
PC-models we have also one parameter in the isovector channel, 
but the number of parameters in the isoscalar channel is reduced 
from 4 to 1. Finally we have in all cases one parameter in the 
isoscalar channel and one parameter in the isovector channel.

This result can be understood qualitatively also on a micro-
scopic basis. Starting from the bare nucleon-nucleon interaction 
adjusted to the nucleon-nucleon scattering data [27] and using 
relativistic Brueckner-Hartree-Fock theory in symmetric and asym-

metric nuclear matter at various densities one is able to derive 
the relativistic self-energies of nucleons in nuclear matter without 
any phenomenological parameters [28–32]. By adjusting the self-
energies obtained from CDFT in nuclear matter at the same density 
one is able to derive the density dependence of the coupling con-
stants in a microscopic way [30]. However, in the Brueckner cal-
culations, a number of approximations have been used and there-
fore this mapping is not unique. At present, the results obtained 
from such calculations in finite nuclei are rather different and, so 
far, their quality is far from that obtained with phenomenologi-

A.Taninah, et al. Phys. Lett. B 800,135065(2020)

DD-MEX DD-LZ1 

σ ω

FHQWHU  WR  WKH  VXUIDFH,  DQG  PHDQZKLOH  QXFOHRQ  GHQVLW\
FKDQJHV  IURP  QHDUO\  VDWXUDWHG  WR  ]HUR  YDOXHV.  7KXV,  D
FRQVLVWHQW UHODWLRQ  LV  UHYHDOHG  EHWZHHQ  WKH  366   UHVWRUD-
WLRQ DQG LQ-PHGLXP EDODQFH RI QXFOHDU DWWUDFWLRQ DQG UH-
SXOVLRQ,  ZKLFK  DUH  FDUULHG  PDLQO\  LQ  WKH  -6  DQG  -9
FRXSOLQJV >61@.

gσ gω
gσ gω

ρ

fρ
fρ/gρ(0)

gρ

gσ gω

CRPSDUHG  WR  DD-ME2,  FLJ.  5  (D)  VKRZV  WKDW  WKH
GHQVLW\  GHSHQGHQFH  RI    DQG    LV  QRWDEO\  UHGXFHG  LQ
DD-L=1.  NHYHUWKHOHVV,  WKH    DQG    LQ  DD-L=1  VWLOO
VKRZ UHODWLYHO\ VWURQJHU GHQVLW\ GHSHQGHQFLHV WKDQ WKRVH
LQ  3KA1,  ZKLFK  LV  QHFHVVDU\  WR  SURYLGH  DQ  DSSURSULDWH
PRGHOLQJ RI WKH QXFOHDU LQ-PHGLXP HIIHFWV. IQ 3KA1, WKH
-7 FRXSOLQJ SUHVHQWV VWURQJ DWWUDFWLYH SRWHQWLDO >61@, DQG
WKXV  WKH  VWURQJ  GHQVLW\  GHSHQGHQFH  RI  WKH  FRXSOLQJ
VWUHQJWK   FDUULHV D IDLUO\ ODUJH DPRXQW RI WKH QXFOHDU LQ-
PHGLXP HIIHFWV, DFFRUGLQJ WR   LQ FLJ. 5(F). IQ FRQ-
WUDVW, DD-L=1 SUHVHQWV RQO\ VOLJKWO\ VWURQJHU GHQVLW\ GH-
SHQGHQFH  RQ  WKH  FRXSOLQJ  VWUHQJWK    WKDQ  DD-ME2,  DV
VHHQ LQ FLJ. 5(E). 7KHUHIRUH, WKH UHVLGXDO QXFOHDU LQ-PHGL-
XP HIIHFWV LQ WKH LVRVFDODU FKDQQHOV,  LQ IDFW HQKDQFHG E\
WKH  XQSDUDOOHO  GHQVLW\-GHSHQGHQW    DQG    LQ  DD-L=1,
DUH  DOVR  PHDQLQJIXO  LQ  SURPLVLQJ  DSSURSULDWH  VLPXODWLRQ
RI WKH QXFOHDU LQ-PHGLXP HIIHFWV.

gσ gω

IQ D ILQDO UHPDUN, 5HI. >61@ GHPRQVWUDWHG WKDW WKH UH-
VLGXDO QXFOHDU  LQ-PHGLXP  HIIHFWV,  PDQLIHVWHG  DV  WKH   XQ-
SDUDOOHO  GHQVLW\-GHSHQGHQW  EHKDYLRUV  RI    DQG  ,  SOD\
DQ  LPSRUWDQW  UROH  LQ  UHVWRULQJ  WKH  366  RI  WKH  KLJK-l  36
SDUWQHUV  DQG  HOLPLQDWLQJ  WKH  VSXULRXV  VKHOOV  DV  ZHOO.  IW
IXUWKHU LQGLFDWHV WKDW WKH QHZ LQ-PHGLXP EDODQFH EHWZHHQ
WKH QXFOHDU DWWUDFWLRQ DQG UHSXOVLRQ FDQ EH RSWLPL]HG ZLWK
UHVSHFW WR WKH 366 UHVWRUDWLRQ RQ WKH PHDQ ILHOG OHYHO, IRU
LQVWDQFH JLYHQ E\ WKH 5HF LDJUDQJLDQ 3KA1. 7KHUHIRUH,
ZLWKLQ  WKH  5MF  IUDPHZRUN,  WKH  QHZO\  GHYHORSHG  DD-
L=1 SURYLGHV DQRWKHU H[DPSOH LQ RSWLPL]LQJ WKH LQ-PHGL-
XP EDODQFH EHWZHHQ WKH  QXFOHDU  DWWUDFWLRQ DQG UHSXOVLRQ
IURP WKH YLHZSRLQW RI WKH 366 UHVWRUDWLRQ.

4    6XPPDU\

σ ω

ALPLQJ DW  WKH  HOLPLQDWLRQ  RI  WKH  VSXULRXV  VKHOO   FORV-
XUHV,  ZKLFK  FRPPRQO\  DSSHDU  LQ  SUHYLRXV  UHODWLYLVWLF
PHDQ ILHOG (5MF) FDOFXODWLRQV, D QHZ HIIHFWLYH LDJUDQJL-
DQ DD-L=1 LV SURSRVHG LQ WKLV ZRUN IRU WKH 5MF PRGHO
ZLWK  WKH  GHQVLW\-GHSHQGHQW  PHVRQ-QXFOHRQ  FRXSOLQJV.
DD-L=1 SUHVHQWV D GLIIHUHQW LQ-PHGLXP EDODQFH EHWZHHQ
WKH  GRPLQDQW  -6  DQG  -9  FRXSOLQJ  FKDQQHOV  IURP  WKH
H[LVWLQJ 5MF LDJUDQJLDQV,  ZKLFK  LV  HVVHQWLDO  WR   HOLPLQ-
DWH  WKH  VR-FDOOHG  VSXULRXV  VKHOO  FORVXUHV  DQG  SURSHUO\
UHWRUH  WKH  SVHXGR-VSLQ  V\PPHWU\  (366)  IRU  WKH  KLJK-l
SVHXGR-VSLQ GRXEOHWV DURXQG WKH FHUPL OHYHOV. BHFDXVH RI
WKHVH V\VWHPDWLFDO LPSURYHPHQWV RQ WKH QXFOHDU VWUXFWXUH,
DD-L=1  DOVR  LPSURYHV  WKH  DFFXUDF\  LQ  GHVFULELQJ  WKH
EXON SURSHUWLHV RI WKH ZLGHO\ VHOHFWHG QXFOHL, SDUWLFXODUO\
IRU WKH QXFOHDU PDVV LQ WKH OLJKW UHJLRQ, DQG WKH HYROXWLRQ
DORQJ WKH LVRWRQLF DQG LVRWRSLF FKDLQV.

σ ω

IQ FRQWUDVW, DV LQGLFDWHG E\ 5HI. >61@, WKH 366 UHVWRUD-
WLRQ  RI  WKH  KLJK-l  SVHXGR-VSLQ GRXEOHW  LV  HVVHQWLDOO\   UH-
ODWHG  WR  WKH  LQ-PHGLXP EDODQFH  RI  QXFOHDU  DWWUDFWLRQ  DQG
UHSXOVLRQ,  ZKLFK  LV  UHSUHVHQWHG  DV  WKH  XQSDUDOOHO  GHQVLW\
GHSHQGHQFH  RI  WKH  -6  DQG  -9  FRXSOLQJ  VWUHQJWKV.  IQ
WKLV VWXG\, WKH VXFFHVVHV DFKLHYHG E\ WKH SDUDPHWUL]DWLRQ
RI DD-L=1 GHPRQVWUDWH WKDW LW LV DQ HIILFLHQW ZD\ WR TXDO-
LWDWLYHO\ FRQVWUDLQ WKH LQ-PHGLXP QXFOHDU LQWHUDFWLRQV YLD
WKH 366 UHVWRUDWLRQ. 7KH EHWWHU DFFXUDF\ REWDLQHG E\ DD-
L=1 LQ GHVFULELQJ QXFOHDU PDVV LV DOVR TXLWH GHVLUDEOH LQ
IXUWKHU DSSOLFDWLRQV.

 

 

5HIHUHQFHV

 HLGHNL <XNDZD, 3URF. 3K\V. MDWK. 6RF. JDSDQ, 1�: 48 (1935)1
 H. A. BHWKH, 3K\V. 5HY., 5�: 390 (1940)2
 :LOOLDP 5DULWD DQG JXOLDQ 6FKZLQJHU, 3K\V. 5HY., 5�: 436 (1941)3
 EGZDUG  GHUMXR\  DQG  JXOLDQ  6FKZLQJHU,  3K\V.  5HY.,  61:  138
(1942)

4

 A. E. 6. GUHHQ DQG 7. 6DZDGD, 5HY. MRG. 3K\V., 3�: 594 (1967)5
 5.  MDFKOHLGW,  7KH  PHVRQ  WKHRU\  RI  QXFOHDU  IRUFHV  DQG  QXFOHDU
VWUXFWXUH, YROXPH 19. 6SULQJHU 86, BRVWRQ, MA, 1989

6

 G.  A.  LDOD]LVVLV,  6.  KDUDW]LNRV,  M.  6HUUD  eW  al.,  3K\V.  5HY.  C,
�0(4): 041301(5) (2009)

7

 E.  ESHOEDXP,  H.-:.  HDPPHU,  DQG  8OI-G.  MHL�QHU,  5HY.  MRG.
3K\V., �1: 1773 (2009)

8

 5. MDFKOHLGW DQG D. 5. EQWHP, 3K\VLFV 5HSRUWV, 503(1): 1 (2011)9
 7DNDKDUX OWVXND, 3K\V. 6FU., 2013(7152): 014007 (2013)10
 H. NDNDGD, 3K\V. 5HY. C, ��: 014336 (2013)11
 LL JXDQ JLDQJ, 6KHQ <DQJ, BDR <XDQ 6XQ eW al., 3K\V. 5HY. C, �1:
034326 (2015)

12

 J. :. NHJHOH, 5HY. MRG. 3K\V., 54: 913 (1982)13

 

gσ gω
gρ

ρ fρ/gρ π fπ

FLJ.  5.      (FRORU  RQOLQH)  DHQVLW\-GHSHQGHQW  PHVRQ-QXFOHRQ
FRXSOLQJV  LQ  LVRVFDODU  (SORW  (D):    DQG  )  DQG  LVRYHFWRU
(SORW  (E):  )  FKDQQHOV  DV  IXQFWLRQV  RI  EDU\RQLF  GHQVLW\  IRU
WKH  QHZ DD5MF HIIHFWLYH  LQWHUDFWLRQ  DD-L=1,  FRPSDUHG
ZLWK  3KA1  LQ  DD5HF  DQG  DD-ME2  LQ  DD5MF.  7KH
GHQVLW\-GHSHQGHQW  EHKDYLRUV  RI  -WHQVRU  ( )  DQG    ( )
DUH DOVR VKRZQ (SORW (F)). 7KH VKDGHG DUHD LQGLFDWHV WKH HP-
SLULFDO VDWXUDWLRQ GHQVLW\ UHJLRQ RI QXFOHDU PDWWHU.

CKLQHVH 3K\VLFV C    9RO. 44, NR. 7 (2020) 074107

074107-11

B. Wei, et al. Chin. Phys. C 44, 074107 (2020)

  160 Page 10 of 20 Eur. Phys. J. A           (2020) 56:160 

Table 2 Parameters for the density dependence of couplings. The coefficients d j for j = ω, σ are given by d j = 1/
√

3c j , except for dω =
3758.39866319 in case of DDSTD

Parametrisation n(v)ref n(s)ref bω cω bσ cσ aρ = aδ

DDV 0.151117 0.14218170 0.03911422 0.07239939 0.21286844 0.30798197 0.35265899

DDVT 0.153623 0.14636172 0.04459850 0.06721759 0.19210314 0.27773566 0.54870200

DDVTD 0.153636 0.14637920 0.02640016 0.04233010 0.19171263 0.27376859 0.55795902

DDS 0.151186 0.14218154 0.03643847 0.08348558 0.13985555 0.23568086 0.34219700

DDST 0.153923 0.14673361 −3.786315 · 10−5 1.611143 · 10−5 0.13972293 0.20737662 0.56369799

DDSTD 0.153999 0.14683193 −7.009164 · 10−8 0.00000000 0.14036291 0.20810260 0.58325702

Some obvious correlations of individual quantities with
the type of EDF are found. The introduction of tensor cou-
plings (models DDVT, DDST) leads to reductions of the σ

meson mass and of the ω and ρ coupling strengths as com-
pared to the standard models (DDV, DDS). This feature is
related to the increased Dirac effective mass, see below. The
ratio Γσ /mσ , which is the relevant quantity for calculations
of nuclear matter, changes less strongly between the models.
The ρ meson tensor coupling is substantially larger than the
ω meson tensor coupling as observed, e.g., already in [2,27].
Also an increase of the reference densities, n(v)ref or n(s)ref , is
seen. The further introduction of the δ meson (DDVTD,
DDSTD) only leads to small changes of the parameters, with
the exception of the ρ meson coupling that becomes larger.
For models with scalar density dependence and tensor cou-
pling, there are two unique cases (DDST, DDSTD) where
the parameters in the function (62) become very small (cω)
or even negative (bω), see Table 2. The latter case would
cause the coupling to vanish and to become negative at very
high densities. However, this is not relevant for calculations
of nuclear structure or nuclear matter at reasonable baryon
densities since they are much lower than the zero-crossing
densities.

The actual density dependence of the couplings is depicted
in Figs. 1 and 2 for the cases of a vector or scalar density
dependence, respectively. Only the ω, σ and ρ couplings
are shown because the δ coupling has the same shape as the
ρ coupling if it is nonzero. A typical decrease of the cou-
plings with increasing density is observed. All couplings
behave rather similarly. The ρ meson coupling decreases
more strongly than the ω and σ couplings. It vanishes at
infinitely high density because the exponential form (63) was
chosen. The situation is different for the isoscalar mesons.
They approach a nonzero finite value in this limit. The vari-
ations between the parametrisations are less strong for the ρ

meson as compared to the isoscalar mesons.

4.2 Uncertainties of observables

The introduction of tensor couplings in the energy density
functional also affects the uncertainties of nuclear observ-

(a)

(b)

(c)

Fig. 1 Coupling functions of the ω (a), σ (b), and ρ (c) meson for
models with a vector density dependence

ables that enter in the calculation of the χ2 function (66).
They are given in Table 3 and shown in Fig. 3. Most strik-
ing is the reduction of the uncertainty in the binding ener-
gies (upper panel) and in the diffraction radii (lower panel)
when the tensor couplings are considered. In contrast, the
charge radii and skin thicknesses are only described slightly
worse than in the models without tensor interaction. Taking
the δ meson into account does not make a big difference.
The uncertainties of the spin-orbit splittings are almost the
same for all models. The observed trends are very similar for
models with a vector or a scalar density dependence of the
couplings. Overall, terms with tensor couplings seem to be a
valuable contribution in the EDF to improve the description
of nuclear observables.
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Table 2 Parameters for the density dependence of couplings. The coefficients d j for j = ω, σ are given by d j = 1/
√

3c j , except for dω =
3758.39866319 in case of DDSTD

Parametrisation n(v)ref n(s)ref bω cω bσ cσ aρ = aδ

DDV 0.151117 0.14218170 0.03911422 0.07239939 0.21286844 0.30798197 0.35265899

DDVT 0.153623 0.14636172 0.04459850 0.06721759 0.19210314 0.27773566 0.54870200

DDVTD 0.153636 0.14637920 0.02640016 0.04233010 0.19171263 0.27376859 0.55795902

DDS 0.151186 0.14218154 0.03643847 0.08348558 0.13985555 0.23568086 0.34219700

DDST 0.153923 0.14673361 −3.786315 · 10−5 1.611143 · 10−5 0.13972293 0.20737662 0.56369799

DDSTD 0.153999 0.14683193 −7.009164 · 10−8 0.00000000 0.14036291 0.20810260 0.58325702

Some obvious correlations of individual quantities with
the type of EDF are found. The introduction of tensor cou-
plings (models DDVT, DDST) leads to reductions of the σ

meson mass and of the ω and ρ coupling strengths as com-
pared to the standard models (DDV, DDS). This feature is
related to the increased Dirac effective mass, see below. The
ratio Γσ /mσ , which is the relevant quantity for calculations
of nuclear matter, changes less strongly between the models.
The ρ meson tensor coupling is substantially larger than the
ω meson tensor coupling as observed, e.g., already in [2,27].
Also an increase of the reference densities, n(v)ref or n(s)ref , is
seen. The further introduction of the δ meson (DDVTD,
DDSTD) only leads to small changes of the parameters, with
the exception of the ρ meson coupling that becomes larger.
For models with scalar density dependence and tensor cou-
pling, there are two unique cases (DDST, DDSTD) where
the parameters in the function (62) become very small (cω)
or even negative (bω), see Table 2. The latter case would
cause the coupling to vanish and to become negative at very
high densities. However, this is not relevant for calculations
of nuclear structure or nuclear matter at reasonable baryon
densities since they are much lower than the zero-crossing
densities.

The actual density dependence of the couplings is depicted
in Figs. 1 and 2 for the cases of a vector or scalar density
dependence, respectively. Only the ω, σ and ρ couplings
are shown because the δ coupling has the same shape as the
ρ coupling if it is nonzero. A typical decrease of the cou-
plings with increasing density is observed. All couplings
behave rather similarly. The ρ meson coupling decreases
more strongly than the ω and σ couplings. It vanishes at
infinitely high density because the exponential form (63) was
chosen. The situation is different for the isoscalar mesons.
They approach a nonzero finite value in this limit. The vari-
ations between the parametrisations are less strong for the ρ

meson as compared to the isoscalar mesons.

4.2 Uncertainties of observables

The introduction of tensor couplings in the energy density
functional also affects the uncertainties of nuclear observ-

(a)

(b)

(c)

Fig. 1 Coupling functions of the ω (a), σ (b), and ρ (c) meson for
models with a vector density dependence

ables that enter in the calculation of the χ2 function (66).
They are given in Table 3 and shown in Fig. 3. Most strik-
ing is the reduction of the uncertainty in the binding ener-
gies (upper panel) and in the diffraction radii (lower panel)
when the tensor couplings are considered. In contrast, the
charge radii and skin thicknesses are only described slightly
worse than in the models without tensor interaction. Taking
the δ meson into account does not make a big difference.
The uncertainties of the spin-orbit splittings are almost the
same for all models. The observed trends are very similar for
models with a vector or a scalar density dependence of the
couplings. Overall, terms with tensor couplings seem to be a
valuable contribution in the EDF to improve the description
of nuclear observables.
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Density-dependent RMF model

The density dependent coupling constants

3

density can be written as:
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where, ψi represents the wave function of nucleon (proton or neutron). σ, ωµ, &ρµ, and &δ denote the σ, ω, ρ, and δ

mesons, respectively. Wµν and &Rµν are the anti-symmetry tensor fields of ω and ρ mesons. In nuclear matter, the
tensor coupling between the vector meson and nucleon does not provide any contributions. Therefore, it is neglected in
the present Lagrangian. The coupling constants between mesons and nucleon are density-dependent in DDRMF model,
which was firstly proposed by Brockmann and Toki (Brockmann & Toki 1992). It takes into account that the NN
interaction in dense matter is affected by nuclear medium. The density-dependent behaviors of the coupling constants
have many styles. In CDFT, there are two types of density, i. e., the scalar density (ρs) and vector density (ρB).
In principle, the coupling constants in DDRMF can be dependent on scalar density or vector density. In this work,
we focus on the parameterizations of DDRMF depending on the vector density, which only influences the self energy
instead of total energy. Coupling constants of σ and ω mesons are usually expressed as a fraction function of the vector
density. In DD2 (Nikšić et al. 2002), DD-ME1, DD-ME2, DDME-X, DDV, DDVT, and DDVTD parameterizations,
they are given as:

Γi(ρB) = Γi(ρB0)fi(x), with fi(x) = ai
1 + bi(x+ di)2

1 + ci(x+ di)2
, x = ρB/ρB0, (2)

for i = σ, ω. ρB0 is the saturation density of symmetric nuclear matter. Five constraints on the coupling constants
fi(1) = 1, f

′′

i (0) = 0, f
′′

σ (1) = f
′′

ω (1) can reduce the numbers of independent parameters to three in Eq. (2). The first
two constraints lead to

ai =
1 + ci(1 + di)2

1 + bi(1 + di)2
, 3cid

2
i = 1. (3)

For the isovector mesons ρ and δ, their coupling constants are,

Γi(ρB) = Γi(ρB0)exp[−ai(x − 1)]. (4)

While in DD-LZ1 parametrization, the coefficient in front of fraction function, Γi is fixed at ρB = 0 for i = σ, ω:

Γi(ρB) = Γi(0)fi(x), (5)

There are only four constraint conditions as fi(0) = 1 and f ′′
i (0) = 0 for σ and ω coupling constants in DD-LZ1. The

constraint f ′′
σ (1) = f ′′

ω(1) is removed in DD-LZ1 parametrization, which can give more precise shell evaluations of finite
nuclei around Z = 58 and 92 (Wei et al. 2020). For ρ meson, its coupling constant is also changed accordingly as

Γρ(ρB) = Γρ(0)exp(−aρx). (6)

To solve the nuclear many-body system in the DDRMF model, the mean-field approximation must be adopted
following the nonlinear RMF models, in which various mesons are treated as classical fields as

σ → 〈σ〉 ≡ σ, ωµ → 〈ωµ〉 ≡ ω, &ρµ → 〈&ρµ〉 ≡ ρ, &δ →
〈

&δ
〉

≡ δ, 〈ψ〉 → ψ. (7)

The space components of vector meson are removed in the parity conservation system. In addition, the spatial
derivatives about nucleon and mesons are neglected in the infinite nuclear matter due to its transformation invariance.
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for 𝛒 and 𝛅 mesons
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Figure 1. The coupling constants of ω, σ, and ρ mesons as functions of vector density in various DDRMF models and several
nonlinear RMF models.

in nuclear matter. Their coupling constants of σ and ω mesons in panel (a) and panel (b) are dramatically smaller than
other sets. Furthermore, the coupling constants from several typical nonlinear RMF models, NL3 (Lalazissis et al.
1997), TM1 (Sugahara & Toki 1994), IUFSU (Horowitz & Piekarewicz 2001), and BigApple (Fattoyev et al. 2020)
are also shown to compare their differences with those in DDRMF model. At low density region, the coupling constants
in DDRMF models are usually stronger than those in nonlinear RMF modes, while weaker at higher density.
With these DDRMF parameter sets, the saturation properties of nuclear matter can be calculated, such as the

saturation density, binding energy, incompressibility, symmetry energy, the slope of symmetry energy, and the effective
nucleon mass. In Table 2, these properties calculated by various DDRMF models are listed, whose uncertainties of
different parameter sets are very small in saturation density, binding energy, incompressibility, and symmetry energy.
The slopes of symmetry energy from different models, L are around 40 − 70 MeV, which also satisfy the recent
constraints, L = 59.57± 10.06 MeV (Zhang et al. 2020). On the other hand, the effective nucleon masses in DDVT
and DDVTD are relatively larger, since their scalar coupling strengths are much smaller comparing to other sets.

Table 2. Nuclear matter properties at saturation density generated by present DDRMF parameterizations.

DD-LZ1 DD2 DD-ME1 DD-ME2 DD-MEX DDV DDVT DDVTD

ρB0[fm
−3] 0.1585 0.149 0.152 0.152 0.1518 0.1511 0.1536 0.1536

E/A[MeV] -16.126 -16.916 -16.668 -16.233 -16.14 -16.097 -16.924 -16.915

K0[MeV] 231.237 241.990 243.881 251.306 267.059 239.499 239.999 239.914

Esym[MeV] 32.016 31.635 33.060 32.31 32.269 33.589 31.558 31.817

L[MeV] 42.467 54.933 55.428 51.265 49.692 69.646 42.348 42.583

M∗
n/M 0.558 0.563 0.578 0.572 0.556 0.586 0.667 0.667

M∗
p /M 0.558 0.562 0.578 0.572 0.556 0.585 0.666 0.666

The binding energies per nucleon for symmetric nuclear matter in panel (a) of Fig .2 and pure neutron matter in panel
(b) of Fig .2 as functions of vector density are plotted with the present DDRMF parameterizations. These equations
of state (EOSs) of nuclear matter below 0.2 fm−3 are almost identical since all the parameters were determined by
properties of finite nuclei, whose central density is around nuclear saturation density ρB0 ∼ 0.15 fm−3. Their differences
increase from 0.30 fm−3. In symmetric nuclear matter, they are separated into the softer group with DDV, DDVT,
and DDVTD, and the stiffer group with DD2, DD-ME1, DD-ME2, DD-MEX, and DD-LZ1. The scalar and vector
coupling strengths in softer group sets are obviously weaker than those in stiffer group sets. The binding energy of
pure neutron matter from DDV is larger than the ones from DDVT and DDVTD. The DDV set has the largest slope of
symmetry energy in the present DDRMF parameterizations. This slope will determine the density dependent behaviors
of symmetry energy and the binding energy of pure neutron matter, due to E/A(β = 1) ≈ E/A(β = 0) + Esym at a
fixed density.
In general, it is very difficult to measure properties of nuclear matter above twice nuclear saturation density from

finite nuclei. Recently, the experiments about heavy-ion collisions provide us some useful information to constrain the
EOS of nuclear matter at high density. In Fig. 3, the pressures in symmetric nuclear matter as functions of density from
various DDRMF models are shown and compared to the constraints from heavy-ion collisions at 2−4ρB0 by Danielewicz
et al. (Danielewicz et al. 2002). We can find that the EOSs from the softer group sets are completely consistent with
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where F (r) and Q(r) are functions related to the pressure and energy density

F (r) =

[

1−
2M(r)

r

]−1
{

1− 4πr2[E(r) − P (r)]
}

, (27)

r2Q(r) =

{

4πr2
[

5E(r) + 9P (r) +
E(r) + P (r)

∂P
∂E

(r)

]

− 6

}

×
[

1−
2M(r)

r

]−1

−
[

2M(r)

r
+ 2× 4πr2P (r)

]2

×
[

1−
2M(r)

r

]−2

.

The second Love number corresponds to the initial condition y(0) = 2. It is also related to the speed of sound in
compact matter, cs

c2s =
∂P (ε)

∂E
. (28)

3. THE RESULTS AND DISCUSSIONS

Firstly, masses of nucleons and mesons, coupling constants between nucleon and mesons, and saturation densities of
symmetric nuclear matter, ρB0 in DD2 (Typel et al 2010), DD-ME1 (Nikšić et al. 2002), DD-ME2 (Lalazissis et al.
2005), DDME-X (Taninah et al. 2020), DDV, DDVT, DDVTD (Typel & Terrero 2020), and DD-LZ1 (Wei et al.
2020) sets are all listed in Table 1,

Table 1. Masses of nucleons and mesons, meson coupling constants, and the nuclear saturation densities in various DDRMF
models.

DD-LZ1 DD2 DD-ME1 DD-ME2 DD-MEX DDV DDVT DDVTD

mn[MeV] 938.900000 mn 939.56536 939.0000 939.0000 939.0000 939.565413 939.565413 939.565413

mp[MeV] 938.900000 mp 938.27203 939.0000 939.0000 939.0000 938.272081 938.272081 938.272081

mσ[MeV] 538.619216 mσ 546.212459 549.5255 550.1238 547.3327 537.600098 502.598602 502.619843

mω[MeV] 783.0000 mω 783.0000 783.0000 783.0000 783.0000 783.0000 783.0000 783.0000

mρ[MeV] 769.0000 mρ 763.0000 763.0000 763.0000 763.0000 763.0000 763.0000 763.0000

mδ[MeV] — mδ — — — — — — 980.0000

Γσ(0) 12.001429 Γσ(ρB0) 10.686681 10.4434 10.5396 10.7067 10.136960 8.382863 8.379269

Γω(0) 14.292525 Γω(ρB0) 13.342362 12.8939 13.0189 13.3388 12.770450 10.987106 10.980433

Γρ(0) 15.150934 Γρ(ρB0) 7.25388 7.6106 7.3672 7.2380 7.84833 7.697112 8.06038

Γδ(0) — Γδ(ρB0) — — — — — — 0.8487420

ρB0[fm
−3] 0.158100 ρB0 0.149 0.152 0.152 0.153 0.1511 0.1536 0.1536

aσ 1.062748 aσ 1.357630 1.3854 1.3881 1.3970 1.20993 1.20397 1.19643

bσ 1.763627 bσ 0.634442 0.9781 1.0943 1.3350 0.21286844 0.19210314 0.19171263

cσ 2.308928 cσ 1.005358 1.5342 1.7057 2.0671 0.30798197 0.27773566 0.27376859

dσ 0.379957 dσ 0.575810 0.4661 0.4421 0.4016 1.04034342 1.09552817 1.10343705

aω 1.059181 aω 1.369718 1.3879 1.3892 1.3936 1.23746 1.16084 1.16693

bω 0.418273 bω 0.496475 0.8525 0.9240 1.0191 0.03911422 0.04459850 0.02640016

cω 0.538663 cω 0.817753 1.3566 1.4620 1.6060 0.07239939 0.06721759 0.04233010

dω 0.786649 dω 0.638452 0.4957 0.4775 0.4556 2.14571442 2.22688558 2.80617483

aρ 0.776095 aρ 0.518903 0.5008 0.5647 0.6202 0.35265899 0.54870200 0.55795902

aδ — aδ — — — — — — 0.55795902

The mass of σ meson is fitted as a free parameter in DDRMF model. The coefficients of meson coupling constants, Γi

in DD-LZ1 are the values at zero density, while other parameter sets adopted the values at nuclear saturation densities.
The magnitudes of Γσ(ρB0), Γω(ρB0) and Γρ(ρB0) in DD2, DDME-1, DD-ME2, DD-MEX, DDV are consistent with
each other. The tensor couplings between vector mesons and nucleon were considered in DDVT and DDVTD, where
Γσ(ρB0) and Γω(ρB0) have significant differences comparing to other parameter sets. In addition, the δ meson is
included in DDVTD set.
To show the density-dependent behaviors of these coupling constants more clearly, they are plotted as functions of

the vector density in Fig. 1. It can be found that all of these coupling constants decrease when the nuclear density
becomes larger due to the nuclear medium effect. For the ρ meson coupling constants in panel (c), all parameter sets
have very similar density-dependent behaviors in the whole density region. In DDVT and DDVTD, the tensor coupling
constants play obvious roles in finite nuclei due to their derivative forms, however, they do not provide any contribution

DD2
DD-ME1
DD-ME2
DD-MEX
DD-LZ1
DDV
DDVT
DDVTD
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Figure 1. The coupling constants of ω, σ, and ρ mesons as functions of vector density in various DDRMF models and several
nonlinear RMF models.

in nuclear matter. Their coupling constants of σ and ω mesons in panel (a) and panel (b) are dramatically smaller than
other sets. Furthermore, the coupling constants from several typical nonlinear RMF models, NL3 (Lalazissis et al.
1997), TM1 (Sugahara & Toki 1994), IUFSU (Horowitz & Piekarewicz 2001), and BigApple (Fattoyev et al. 2020)
are also shown to compare their differences with those in DDRMF model. At low density region, the coupling constants
in DDRMF models are usually stronger than those in nonlinear RMF modes, while weaker at higher density.
With these DDRMF parameter sets, the saturation properties of nuclear matter can be calculated, such as the

saturation density, binding energy, incompressibility, symmetry energy, the slope of symmetry energy, and the effective
nucleon mass. In Table 2, these properties calculated by various DDRMF models are listed, whose uncertainties of
different parameter sets are very small in saturation density, binding energy, incompressibility, and symmetry energy.
The slopes of symmetry energy from different models, L are around 40 − 70 MeV, which also satisfy the recent
constraints, L = 59.57± 10.06 MeV (Zhang et al. 2020). On the other hand, the effective nucleon masses in DDVT
and DDVTD are relatively larger, since their scalar coupling strengths are much smaller comparing to other sets.

Table 2. Nuclear matter properties at saturation density generated by present DDRMF parameterizations.

DD-LZ1 DD2 DD-ME1 DD-ME2 DD-MEX DDV DDVT DDVTD

ρB0[fm
−3] 0.1585 0.149 0.152 0.152 0.1518 0.1511 0.1536 0.1536

E/A[MeV] -16.126 -16.916 -16.668 -16.233 -16.14 -16.097 -16.924 -16.915

K0[MeV] 231.237 241.990 243.881 251.306 267.059 239.499 239.999 239.914

Esym[MeV] 32.016 31.635 33.060 32.31 32.269 33.589 31.558 31.817

L[MeV] 42.467 54.933 55.428 51.265 49.692 69.646 42.348 42.583

M∗
n/M 0.558 0.563 0.578 0.572 0.556 0.586 0.667 0.667

M∗
p /M 0.558 0.562 0.578 0.572 0.556 0.585 0.666 0.666

The binding energies per nucleon for symmetric nuclear matter in panel (a) of Fig .2 and pure neutron matter in panel
(b) of Fig .2 as functions of vector density are plotted with the present DDRMF parameterizations. These equations
of state (EOSs) of nuclear matter below 0.2 fm−3 are almost identical since all the parameters were determined by
properties of finite nuclei, whose central density is around nuclear saturation density ρB0 ∼ 0.15 fm−3. Their differences
increase from 0.30 fm−3. In symmetric nuclear matter, they are separated into the softer group with DDV, DDVT,
and DDVTD, and the stiffer group with DD2, DD-ME1, DD-ME2, DD-MEX, and DD-LZ1. The scalar and vector
coupling strengths in softer group sets are obviously weaker than those in stiffer group sets. The binding energy of
pure neutron matter from DDV is larger than the ones from DDVT and DDVTD. The DDV set has the largest slope of
symmetry energy in the present DDRMF parameterizations. This slope will determine the density dependent behaviors
of symmetry energy and the binding energy of pure neutron matter, due to E/A(β = 1) ≈ E/A(β = 0) + Esym at a
fixed density.
In general, it is very difficult to measure properties of nuclear matter above twice nuclear saturation density from

finite nuclei. Recently, the experiments about heavy-ion collisions provide us some useful information to constrain the
EOS of nuclear matter at high density. In Fig. 3, the pressures in symmetric nuclear matter as functions of density from
various DDRMF models are shown and compared to the constraints from heavy-ion collisions at 2−4ρB0 by Danielewicz
et al. (Danielewicz et al. 2002). We can find that the EOSs from the softer group sets are completely consistent with

The density dependence of the couplings is dispicted in Fig.(1) for the cases of a vector density

dependence:

Fig. 1: Coupling functions of the !, �, ⇢ meson for models with a vector density dependence

In Table(2) I compare the nuclear matter properties at saturation density, that is, saturation density,

binding energy per nucleon, imcompressibility, symmetry energy, the slope of the symmetry energy and

e↵ective mass at saturation.

Table 2: Nuclear matter properties at saturation density

DD2 DD-ME1 DD-ME2 DDME-X DDV DDVT DDVTD DD-LZ1
⇢sat[fm�3] 0.149 0.152 0.152 0.1518 0.1511 0.1536 0.1536 0.1588
E/A[MeV] -16.668 -16.233 -16.14 -16.0973 -16.924 -16.915 -16.916 -16.126
K0[MeV] 241.990 243.881 251.306 267.059 239.499 239.999 239.914 233.421
Esym[MeV] 31.635 33.060 32.31 32.269 33.589 31.558 31.817 32.039
L0[MeV] 54.933 55.428 51.265 49.692 69.646 42.348 42.583 42.524
M⇤

n/M 0.5630 0.5781 0.572 0.5555 0.5866 0.6670 0.6673 0.5572
M⇤

p /M 0.5616 0.5781 0.572 0.5555 0.5852 0.6657 0.6660 0.5572

Binding energy per nucleon for symmetric nuclear matter and pure neutron matter as a function of

vector density are shown in Fig.(2).

Fig. 2: Equation of state of symmetric nuclear matter(� = 0) and pure neutron matter(� = 1) with

coupling functions depending on the vector density

4

Stiffer

Softer
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The Strong vector potentials

Fig. 5: Scalar and vector potential as a function of the baryon density with coupling functions

depending on the vector density

2 � equilibrium(n, p, e�, µ�) Matter

The chemical potentials for baryons and leptons can be written as ,respectively:

µB =

q
k2
FB +M⇤2

B +


�!B(⇢B)! +

�⇢B(⇢B)

2
⇢+ ⌃R(⇢B)

�
; (2.1)

µl =

q
k2
F l +m2

l . (2.2)

In case of the n, p, e�, µ�
)system. The threshold density for the appearance of muons is when the

electron chemical potential is larger than the muon rest mass: µe > mµ = 106.55MeV. The chemical

equilibrium condition can be expressed by

µµ = µe = µn � µp. (2.3)

The charge neutrality condition has the following form:

⇢Bp = ⇢e + ⇢µ. (2.4)

In Fig.(6) we show the fraction of species i, Yi = ⇢i/⇢B, as a function of the total baryon density ⇢B.

6

The e↵ective masses of the nucleons in symmetric nuclear matter and pure neutron matter are

dipicted in Fig.(3) and Fig.(4), repectively.

Fig. 3: Symmetry energy as a function of the baryon density

Fig. 4: E↵ective mass in symmetric nuclear matter(� = 0) and pure neutron matter(� = 1) as a

function of the baryon density ith coupling functions depending on the vector density

The relationship between scalar and vector potential and density is shown in the Fig.(5) below:

5
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Figure 5. The pressure P versus energy density ε of neutron star matter from DDRMF models and joint constraints from
GW170817 and GW190814.

In Fig. 6, the pressures as functions of density in neutron star matter from DDRMF models are given. The pressures
from the stiffer group sets are obviously larger than those generated by the softer group sets. The speeds of sound
in neutron star matter, cs with the unit of light speed are plotted in the insert. The c2s from softer group sets are
much lower than those from other parameterizations, which are around 0.6 at ρB = 1.0 fm−3. They are consistent
with the results from nonlinear RMF models (Hu et al. 2020). The speed of sound from stiffer group EOSs rapidly
increase from ρB = 0.2 fm−3 and c2s reach around 0.8 at high density. They will be constants less than one as the
density continues growing. Actually, the EOS and speed of light of BigApple set in nonlinear RMF model are very
similar with the present work, where a ω − ρ coupling term was included to reduce the slope of symmetry energy and
its vector-isovector coupling constant is very strong as we shown in Fig. 1 (Fattoyev et al. 2020).

Figure 6. EOSs of neutron star matter with different DDRMF models.The corresponding speeds of sound in units of the speed
of light shown in insert.

The mass-radius relation of a static neutron star can be solved by TOV equation Eq. (23), where the EOS of neutron
star matter is used. In Fig 7, the mass-radius (M −R) relation in panel (a) and mass-central density (M−ρB) relation
in panel (b) from various DDRMF models are shown. From the panel (a), it can be found that the maximum masses
of neutron star in softer group sets are around 1.85 − 1.93 M" and the corresponding radii are 9.85 − 10.34 km.
These results only can explain the existence of PSR J1614-2230 (1.928 ± 0.017 M"). As we discussed before, the
EOSs from these three parameter sets are relatively soft due to their small vector potentials. The maximum masses
calculated by DD2, DD-ME1, and DD-ME1 sets are about 2.42 − 2.48 M", which are consistent with the available
investigations (Sun et al. 2008). DD-MEX and DD-LZ1 can support the neutron star above 2.5 M" because of their
strongest repulsive contributions from ω meson. Their maximum masses can approach 2.56 M", which are in accord
with the observed mass of the secondary compact object in GW190814, 2.50− 2.67 M". In addition to the constraints
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The mass-radius relation of a static neutron star can be solved by TOV equation Eq. (23), where the EOS of neutron
star matter is used. In Fig 7, the mass-radius (M −R) relation in panel (a) and mass-central density (M−ρB) relation
in panel (b) from various DDRMF models are shown. From the panel (a), it can be found that the maximum masses
of neutron star in softer group sets are around 1.85 − 1.93 M" and the corresponding radii are 9.85 − 10.34 km.
These results only can explain the existence of PSR J1614-2230 (1.928 ± 0.017 M"). As we discussed before, the
EOSs from these three parameter sets are relatively soft due to their small vector potentials. The maximum masses
calculated by DD2, DD-ME1, and DD-ME1 sets are about 2.42 − 2.48 M", which are consistent with the available
investigations (Sun et al. 2008). DD-MEX and DD-LZ1 can support the neutron star above 2.5 M" because of their
strongest repulsive contributions from ω meson. Their maximum masses can approach 2.56 M", which are in accord
with the observed mass of the secondary compact object in GW190814, 2.50− 2.67 M". In addition to the constraints

Pressure vs. energy Pressure vs. density

The stiffer EOSs will generate larger speeds of sound
data from: R. Abbott et al. (LIGO Scientific, Virgo), Astrophys. J. 896, L44 (2020) 
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from the observables of massive neutron stars, PSR J1614-2230, PSR J034+0432, and PSR J0740+6620, recently the
mass and radius of neutron star at intermediate mass region were measured simultaneously for PSR J0030+0451 by
NICER. Its mass and radius were reported around 1.4 M! and 13 km (Miller et al. 2019; Riley et al. 2019). These
constraints from NICER are plotted in panel (a). It can be found that the M − R relations from stiffer group
parameterizations around 1.4 M! completely satisfy the observables from NICER, while the radii of neutron star at
1.4 M!, R1.4 from DDVT, and DDVTD are around 11.4 km, which are smaller than the possible radii of J0030+0451.
The R1.4 of DDV is 12.2 km since its slope of symmetry energy is obviously larger than those of DDVT and DDVTD.
When the isoscalar properties of RMF models are the same, the slope of symmetry energy can influence the radii of
neutron star at 1.4 M! in our recent investigations (Ji et al. 2019; Hu et al. 2020).
The M − ρB relations in panel (b) from present DDRMF models can be separated by two groups. The first group

only can generate the neutron star around 1.9 M! at the central densities ∼ 8ρB0 from softer group EOSs. The second
group can support neutron stars around 2.5 M!, where the central densities locate at 5ρB0. The corresponding speeds
of sound are less that

√
0.8c from Fig. 6.

Figure 7. The neutron star masses as functions of radius and the central baryon density. Constraints from astronomical
observables for massive neutron star and NICER are also shown.

With the rapid developments of gravitational wave detectors, the tidal deformability of neutron star can be extracted
from the BNS merger. It can be calculated with the Love number by solving a first-order differential equation, Eq. (25).
In Fig. 8, the dimensionless tidal deformabilities, Λ, of neutron star as function of their masses from DDRMF models
are shown. These dimensionless tidal deformabilities decrease with the neutron star mass and become very small at
the maximum masses. Their values in softer group sets are significantly lower than those from other parameterizations,
since Λ ∝ R5 approximately from Eq. (24). The radii of neutron star from the softer group EOSs are smaller comparing
to the stiffer EOSs. The corresponding Λ at 1.4 M!, Λ1.4 are from 274.91 to 390.01, while recent analysis by LVC
gives Λ1.4 = 190+390

−120 from GW170817 (Abbott et al. 2018). Due to the larger radii and speeds of sound of neutron star
in stiffer group EOSs, their Λ are relatively higher and Λ1.4 are between 639.03 and 790.01. Furthermore, the tidal
deformabilities at 2.0 M! from these two types of EOSs have obviously differences. For the softer EOSs, Λ almost
approach to zero, while they are around 100 for the stiffer EOSs at 2.0 M!. Once the BNS merger, whose components
are around 2 M!, is more precisely measured by the advanced gravitational wave detectors in the future, the EOSs
of neutron star can hopefully be determined well. Due to the large uncertainties in the present estimations of tidal
deformability, we think that it cannot exclude the possibilities of stiffer EOSs with larger speeds of sound in neutron
star, such as those from the stiffer group parameterizations. Therefore, the secondary compact object in GW190814
may be a neutron star.
Finally, properties of neutron star, i. e., the maximum mass (Mmax/M!), the corresponding radius (Rmax), the

central density density(ρc), the radius (R1.4) and dimensionless tidal deformability (Λ1.4) at 1.4 M! from present
DDRMF models are listed in Table 3, respectively.

12

Figure 8. The tidal deformabilities from various DDRMF models as functions of neutron star mass. The mass regions of massive
neutron stars are also plotted.

Table 3. Neutron star properties from various DDRMF models.

DD-LZ1 DD2 DD-ME1 DD-ME2 DD-MEX DDV DDVT DDVTD

Mmax/M! 2.5545 2.4168 2.4426 2.4829 2.5566 1.9317 1.9251 1.8507

Rmax[km] 12.178 11.826 11.885 12.012 12.274 10.336 10.023 9.850

ρmax[fm
−3] 0.786 0.845 0.832 0.813 0.777 1.188 1.237 1.306

R1.4[km] 12.864 12.938 12.931 12.961 13.118 12.195 11.511 11.396

Λ1.4 727.071 639.032 686.786 730.737 790.051 390.005 301.388 274.908

4. SUMMARIES AND PERSPECTIVES

The latest density-dependent relativistic mean-field (DDRMF) parameterizations were systematically applied to
investigate the properties of neutron star, i. e., DD2, DD-ME1, DD-ME2, DD-MEX, DD-LZ1, DDV, DDVT, and
DDVTD sets. All of them were determined by fitting properties of spherical finite nuclei and have the same density-
dependent function forms for meson coupling constants. Their densities, binding energies, incompressibilities, and
symmetry energies at saturation points of symmetric nuclear matter are almost identical.
The equations of state (EOSs) of symmetric nuclear matter and pure neutron matter from present sets were separated

into the softer type and stiffer one at high density region. The softer EOSs are generated by the DDV, DDVT, and
DDVTD, whose coupling strengths of σ and ω mesons are weaker comparing to other sets. Their vector and scalar
potentials have comparable magnitudes, while the vector potentials are much larger than the scalar ones in stiffer
EOSs given by DD2, DD-ME1, DD-ME2, DD-MEX, and DD-LZ1. Their pressures in symmetric nuclear matter at
2 ∼ 4ρB0 were a little bit higher than the present constraints from heavy-ion collisions, while the softer EOSs satisfied
these constraints.
The TOV equation was solved using the EOSs of neutron star matter, where the nucleons and leptons are in

conditions of beta equilibrium and charge neutrality, generated by present DDRMF models. The softer EOSs from
DDV, DDVT, and DDVTD only can support the neutron stars with maximum masses around 1.90 M! at 10 km and
tidal deformabilities at 1.4 M!, Λ1.4 = 274− 390. The stiffer EOSs can generate very massive neutron stars around
2.5 M!. In particular, the DD-MEX and DD-LZ1 parameter sets even can produce neutron stars with masses of
2.55 M!, which can explain the secondary object in GW190814 with a mass of 2.50 − 2.67 M!. Furthermore, their
radii at 1.4 M! are also consistent with the constraints from NICER including the mass and radius simultaneous
measurement, although their Λ1.4 were around 639− 790.
In this investigation, we found that several parameterizations in DDRMF can provide very massive neutron stars due

to the strong repulsive contributions from vector mesons at high density, which can describe ground state properties
of finite nuclei exactly at the same time. The stiffer EOSs may slightly exceed the constraints of EOS from heavy-
ion collisions and tidal deformability from GW170817. However, due to the strong model dependence of these two
constraints and their large uncertainties, we can not exclude the possibility of the secondary object of GW190814 as
a neutron star consisting of nucleons and leptons. We have shown that the stiffer EOSs give the dimensionless tidal
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Figure 8. The tidal deformabilities from various DDRMF models as functions of neutron star mass. The mass regions of massive
neutron stars are also plotted.

Table 3. Neutron star properties from various DDRMF models.

DD-LZ1 DD2 DD-ME1 DD-ME2 DD-MEX DDV DDVT DDVTD

Mmax/M! 2.5545 2.4168 2.4426 2.4829 2.5566 1.9317 1.9251 1.8507

Rmax[km] 12.178 11.826 11.885 12.012 12.274 10.336 10.023 9.850

ρmax[fm
−3] 0.786 0.845 0.832 0.813 0.777 1.188 1.237 1.306

R1.4[km] 12.864 12.938 12.931 12.961 13.118 12.195 11.511 11.396

Λ1.4 727.071 639.032 686.786 730.737 790.051 390.005 301.388 274.908

4. SUMMARIES AND PERSPECTIVES

The latest density-dependent relativistic mean-field (DDRMF) parameterizations were systematically applied to
investigate the properties of neutron star, i. e., DD2, DD-ME1, DD-ME2, DD-MEX, DD-LZ1, DDV, DDVT, and
DDVTD sets. All of them were determined by fitting properties of spherical finite nuclei and have the same density-
dependent function forms for meson coupling constants. Their densities, binding energies, incompressibilities, and
symmetry energies at saturation points of symmetric nuclear matter are almost identical.
The equations of state (EOSs) of symmetric nuclear matter and pure neutron matter from present sets were separated

into the softer type and stiffer one at high density region. The softer EOSs are generated by the DDV, DDVT, and
DDVTD, whose coupling strengths of σ and ω mesons are weaker comparing to other sets. Their vector and scalar
potentials have comparable magnitudes, while the vector potentials are much larger than the scalar ones in stiffer
EOSs given by DD2, DD-ME1, DD-ME2, DD-MEX, and DD-LZ1. Their pressures in symmetric nuclear matter at
2 ∼ 4ρB0 were a little bit higher than the present constraints from heavy-ion collisions, while the softer EOSs satisfied
these constraints.
The TOV equation was solved using the EOSs of neutron star matter, where the nucleons and leptons are in

conditions of beta equilibrium and charge neutrality, generated by present DDRMF models. The softer EOSs from
DDV, DDVT, and DDVTD only can support the neutron stars with maximum masses around 1.90 M! at 10 km and
tidal deformabilities at 1.4 M!, Λ1.4 = 274− 390. The stiffer EOSs can generate very massive neutron stars around
2.5 M!. In particular, the DD-MEX and DD-LZ1 parameter sets even can produce neutron stars with masses of
2.55 M!, which can explain the secondary object in GW190814 with a mass of 2.50 − 2.67 M!. Furthermore, their
radii at 1.4 M! are also consistent with the constraints from NICER including the mass and radius simultaneous
measurement, although their Λ1.4 were around 639− 790.
In this investigation, we found that several parameterizations in DDRMF can provide very massive neutron stars due

to the strong repulsive contributions from vector mesons at high density, which can describe ground state properties
of finite nuclei exactly at the same time. The stiffer EOSs may slightly exceed the constraints of EOS from heavy-
ion collisions and tidal deformability from GW170817. However, due to the strong model dependence of these two
constraints and their large uncertainties, we can not exclude the possibility of the secondary object of GW190814 as
a neutron star consisting of nucleons and leptons. We have shown that the stiffer EOSs give the dimensionless tidal

data from: R. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett., 121, 161101 (2018) 



30/08/2020 Jinniu Hu@online 

Summary

The properties of neutron star were investigated with 
DDRMF parameterizations. 

The second object of GW190817 cannot be excluded as a 
neutron star consisting of hadron matter. 

The precision measurements of tidal deformabilities of 
2.0M⨀ neutron star will be much helpful to constrain the 
EOSs 

The exotic phases in the core of neutron star will be 
further studied.


