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Within a confining quark matter model which considers phenomenologically the quark confinement and
asymptotic freedom as well as the chiral symmetry restoration and quark deconfinement at high baryon
density, we find that if the up-down quark matter (udQM) is more stable than nuclear matter and strange
quark matter (SQM), the maximum mass of static quark stars with udQM is 2.87 M⊙ under agreement with
both the constraints on star tidal deformability from gravitational wave signal GW170817 and the mass-
radius of PSR J0030þ 0451 and PSR J0740þ 6620 measured by NICER. In contrast, the conventional
strange quark star with the SQM that is more stable than nuclear matter while the nuclear matter is more
stable than udQM, has a maximum static mass of only 1.87 M⊙ and its radius significantly deviates from
NICER’s constraint. Our results thus provide circumstantial evidence suggesting the recently reported
GW190814’s secondary component with a mass of 2.59þ0.08

−0.09 M⊙ could be an up-down quark star.
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I. INTRODUCTION

The LIGO Scientific and Virgo Collaborations recently
announced the gravitational wave (GW) event GW190814
[1], a binary coalescence involving a primary black hole
(BH) with mass 23.2þ1.1

−1.0 M⊙ and a secondary compact
object with mass 2.59þ0.08

−0.09 M⊙ (90% C.L.). The secondary
falls into the so-called “mass-gap” between known neutron
stars (NSs) and BHs [2–5]. Indeed, a maximum mass of
MTOV ≈ 2.3 M⊙ [6] for static NSs has been obtained based
on a careful investigation by applying a single density
functional model to simultaneously analyze the data of
finite nuclei and the NS tidal deformability limit from
GW170817 [7–10] together with the constraints on the
equation of state (EOS) of symmetric nuclear matter (SNM)
at suprasaturation densities from flow data in heavy-ion
collisions (HICs) [11]. We note that the relatively small
value of MTOV ≈ 2.3 M⊙ is mainly due to the soft EOS
of SNM constrained by the flow data in HICs [11], and this
is further confirmed recently by relativistic mean-field
calculations [12,13].
The MTOV ≈ 2.3 M⊙ has also been obtained from

analyzing the electromagnetic (EM) counterparts during
the postmerger evolution of GW170817 [14–17], and the
remnant of GW170817 with mass ∼2.7 M⊙ has been
suggested to form a BH at the end. On the other hand,
it should be noted that, due to the fact that the detectors are

not sensitive enough, the EM observations of GW170817
do not provide definitive evidence for or against a long-
lived NS as a possible postmerger outcome [18]. In
particular, Ai et al. [19] consider five stiff EOSs with a
range of MTOV from 2.28 to 2.75 solar mass that could
fulfill the tight limit on tidal deformability of GW170817
and show that a millisecond NS with relatively low-dipole
magnetic field could also meet the constraints from GWand
multiband EM observations of GW170817. Furthermore,
as pointed out by Piro et al. [20], a long-lived NS is not
only allowed, but also helpful to interpret some of the data,
such as blue kilonova, red kilonova component as well as
the spectral features of lanthanides elements. Therefore, the
EM observations of GW170817 alone cannot rule out the
possibility of a long-lived massive NS as the remnant of
GW170817.
Some studies indicate that the MTOV for static NSs can

be larger than about 2.7 M⊙ while still satisfying the tidal
deformability constraint of GW170817 [21] or the com-
bined observational constraints of GW170817 and
GW190814 (assuming it is a NS-BH merger) [1], however,
they ignore the flow data constraint on the EOS of SNM at
suprasaturation densities, which can give a very strong
limit on MTOV for static NSs. Therefore, the secondary is
unlikely to be a nonrotating or slowly-rotating NS under the
constraint on the EOS of SNM at suprasaturation densities
from the flow data, although it could be a rapidly-rotating
NS [1,22–26] but further understanding is needed on
how a NS-BH system could merge before dissipating
such extreme natal NS spin angular momentum [1].
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Some studies [12,27,28] suggest that the secondary should
be a BH.
Besides heavy rapidly-rotating NS or light BH, the quark

star (QS) provides another candidate for the GW190814’s
secondary component. According to the hypothesis by
Bodmer [29], Terazawa [30], andWitten [31], many studies
[32–34] suggest that NSs may be converted to strange
quark stars (SQSs) which are made purely of absolutely
stable deconfined u, d, and s quark matter (QM) with some
leptons, i.e., strange quark matter (SQM). There are argu-
ments that the QS is probably unable to explain the pulsar
glitches [35] and the quasiperiodic oscillations (QPOs) for
the highly magnetized compact stars [36]. Because of the
complicated structure of QM, however, alternative explan-
ations for the pulsar glitches still exist [37,38] and also the
observation of QPOs cannot conclusively rule out the QS
hypothesis due to the unknown features of the stars [39,40].
A robust calculation for dense QM from ab initio QCD is
still a big challenge and our knowledge on QM properties
related to compact stars essentially relies on effective
models [41,42]. In fact, some models predict that SQM
may not be absolutely stable [43–48]. Especially, a recent
study [47] with a phenomenological quark-meson model
suggests that the up-down QM (udQM) can be more stable
than the ordinary nuclear matter and SQM, and accordingly
the up-down quark star (udQS) is explored [40,49–51].
Furthermore, we note that there are recently some studies

[52,53] that investigate the kilonova formation in a binary
QS merger. In particular, Lai et al. [52] demonstrate that
the light curve of the kilonova AT 2017gfo following
GW170817 could be explained by considering the
decaying strangeon nuggets and remnant star spin-down.
Bucciantini et al. [53] show that the evaporation of most
quark matter fragments into nucleons (mostly neutrons)
takes place close to the central region of the merger and
thus the evolution of that material is similar to that of the
nucleonic material ejected during the merger, therefore it
can contribute to the kilonova signal (and nucleosynthesis)
in the sameway. These works provide viability that a binary
QS merger could produce sufficient neutron rich ejecta for
r-process nucleosynthesis and thus for kilonova. Therefore,
the GW170817 could be a binary QS merger with remnant
as a massive QS.
In this work, we examine the possibility that the

GW190814’s secondary is a QS within a confining QM
(CQM) model [54,55] which considers phenomenologi-
cally some basic features of QCD and can reasonably
describe baryon properties [55,56]. We find while the
GW190814’s secondary cannot be a conventional SQS,
where the SQM is more stable than nuclear matter while the
nuclear matter is more stable than udQM, it could be a
udQS, i.e., udQM is more stable than the ordinary nuclear
matter and SQM so the quark star is udQS, under agree-
ment with both the constraints on star tidal deformability
from GW170817 [10] and the mass-radius (M-R) of PSR

J0030þ 0451 [57,58] and PSR J0740þ 6620 [59,60]
from NICER.
The paper is organized as follows. In Sec. II, we give a

brief description of the CQM model and its application in
QS calculations. In Sec. III, we present the results and
discussions of our present work. The conclusion is given
in Sec. IV.

II. MODEL AND METHOD

In the CQMmodel [54], the Hamiltonian of quark matter
is expressed as

H ¼
X
i

ðαi · pi þ βiMiÞ þ
X
i<j

λðiÞ · λðjÞ
4

Vij; ð1Þ

where i (j) represents quark flavor, αi and βi come from
Dirac equation, λ is the color SU(3) matrix for interacting
quarks, Vij is the vector interaction between two quarks,
and Mi is the quark mass related to quark scalar potential
and chiral condensates [54,61]. To mimic the chiral
symmetry restoration at high baryon density, the Mi is
parametrized as

Mi ¼ mi þm�
i sechðνinB=n0Þ; ð2Þ

where mi is the current quark mass, m�
i is a parameter

determining the constituent quark mass in vacuum, nB is
the baryon number density, n0 ¼ 0.17 fm−3 is normal
nuclear matter density, and νk is a parameter controlling
the density dependence of quark mass. One sees that the
quark mass Mi decreases with nB and the chiral symmetry
is restored at high baryon density if the current quark mass
mi can be neglected.
For the vector interaction Vij, we adopt here the modified

screened Richardson potential [55], i.e.,

Vijðq2Þ ¼ 12π

27
½VAFðq2Þ þ VCFðq2Þ�; ð3Þ

with

VAFðq2Þ ¼ 1

ðq2 þm2
gÞ ln

�
1þ q2þm2

g

Λ2

� −
Λ2

ðq2 þm2
gÞ2

;

VCFðq2Þ ¼ Λ02

ðq2 þm2
gÞ2

;

where q ¼ ki − kj is the momentum transfer between the
two interacting quarks, the gluon mass mg is introduced to
describe the screening effects on the vector potential in
medium due to pair creation and infrared divergence, Λ
represents the asymptotic freedom (AF) scale as the
VAFðq2Þ goes asymptotically zero for large q2, and Λ0

corresponds to the confinement (CF) scale as the VCFðq2Þ
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reduces to a linear confinement for small q2 [Note: m2
g

vanishes in vacuum and λðiÞ · λðjÞ ¼ −8=3 for quark-quark
interactions]. To the lowest order, the gluon mass mg is
related to the screening length D according to [62]

m2
g ¼ ðD−1Þ2 ¼ 2α0

π

X
i

kfi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkfi Þ2 þM2

i

q
; ð4Þ

where α0 is the perturbative quark-gluon coupling constant
and kfi ¼ ðπ2niÞ1=3 is the quark Fermi momentum with ni
being the quark number density. At high baryon density, the
m2

g becomes large and the Vðq2Þ approaches to zero,
leading to quark deconfinement.
It is clear that the present CQM model phenomenologi-

cally incorporates four basic features of QCD, namely,
asymptotic freedom and linear quark confinement as well
as chiral symmetry restoration and quark deconfinement at
high baryon density. In the original Richardson potential
for heavy quarks [63], one has Λ0 ¼ Λ and thus the AF and
CF have the same scale. However, while Λ is ∼100 MeV
from perturbative QCD [54,64], Λ0 is found to be
∼400 MeV from heavy and light meson spectroscopies
as well as baryon properties [56,63,65] where the CF
plays an important role. In particular, the values of Λ ¼
100 MeV and Λ0 ¼ 350 MeV are shown to successfully
describe the energies and magnetic moments of Δþþ and
Ω− [55]. In this work, we adopt Λ ¼ 100 MeV,
Λ0 ¼ 350 MeV, mu ¼ 4 MeV, md ¼ 7 MeV and ms ¼
150 MeV to be consistent with Ref. [55], and α0 ¼ 0.65
following Ref. [66]. We also set m�

u ¼ 331 MeV, m�
d ¼

328 MeV and m�
s ¼ 377 MeV to match the vacuum

constituent quark mass Mu0¼Md0¼335MeV and Ms0 ¼
527 MeV from the SU(3) Nambu-Jona-Lasinio (NJL)
model with the parameter set HK [67]. Furthermore, we
assume νu ¼ νd ≡ νud for simplicity, and thus we have only
two free parameters, namely, νud and νs. We note that using
the isospin-dependent quark mass formula (νu ≠ νd) with
one more parameter can help to enhance theMTOV by about
0.2 M⊙ for SQSs [61].
For the details of QS calculations within the CQM

model, the reader is referred to Refs. [54,61]. The dimen-
sionless tidal deformability Λk for a QS with mass Mk and
radius R can be expressed asΛk ¼ 2

3
ðR=MkÞ5k2 where k2 is

the dimensionless quadrupole tidal Love number. In a
binary system, the mass weighted tidal deformability Λ̃ is
defined as [68,69]

Λ̃ ¼ 16

13

ð12qþ 1ÞΛ1 þ ð12þ qÞq4Λ2

ð1þ qÞ5 ; ð5Þ

where Λ1 (Λ2) is for the component with mass M1 (M2) in
the binary and q ¼ M2=M1 ≤ 1 is the mass ratio. Special
boundary condition [70,71] should be applied in determin-
ing k2 since the self-bound QSs have a sharp discontinuity

of energy density at the surface. For all the QS calculations
in this work, the causality condition is guaranteed, i.e., the
sound speed cs ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffi
dP=dϵ

p
≤ 1 where P is the pressure

and ϵ is the energy density of the QS matter. We use the
natural units with ℏ ¼ c ¼ G ¼ 1 in the present work.

III. RESULT AND DISCUSSION

We mainly consider two QS scenarios, namely, the
conventional SQS and the udQS. For the conventional
SQS, SQM is absolutely stable by satisfying the so-called
stability window [72], i.e., the minimum energy per baryon
Emin of SQM should be less than that of the observed stable
nuclei (i.e., 930 MeV) while the Emin of udQM should
be larger than 930 MeV to be consistent with empirical
nuclear physics. For udQS, udQM is absolutely stable by
requiring the Emin of udQM should be less than 930 MeV
and the Emin of SQM. By varying the values of νud and νs,
we find the MTOV for the conventional SQS reaches its
maximum value of 1.87 M⊙ with νud ¼ 0.39 and νs ¼
1.07 (the parameter set is denoted as SQS1.87) while the
MTOV for udQS reaches its maximum value of 3.30 M⊙
with νud ¼ 1.04 and νs ≤ 0.94 (the parameter set is denoted
as udQS3.30). Therefore, the udQS can have a much larger
MTOV than the conventional SQS, and the MTOV of the
conventional SQS is significantly smaller than the mass
2.59þ0.08

−0.09 M⊙ from GW190814.
The self-bound QS with a larger MTOV generally has a

larger radius and thus a larger Λ̃ for a fixed mass. The
GW170817 is the first confirmed merger event of two
pulsars, and with minimum assumptions it puts a strong
constraint of Λ̃ ¼ 300þ420

−230 (90% highest posterior density
interval) with the binary mass ratio q ¼ 0.73–1.00 and
chirp mass Mc ¼ 1.186þ0.001

−0.001 M⊙ for the low-spin prior
[10]. Assuming GW170817 is a binary QS merger, we find
the udQS3.30 strongly violates the constraint Λ̃ ¼ 300þ420

−230
as it predicts Λ̃ðq ¼ 0.73Þ ¼ 1260. Since Λ̃ðqÞ generally
increases with q for a fixed Mc, the GW170817 constraint
implies Λ̃ðq ¼ 0.73Þ ≤ 720 and Λ̃ðq ¼ 1Þ ≥ 70 for
Mc ¼ 1.186. To be consistent with the GW170817 con-
straint on Λ̃, we find the udQS can have a maximum of
MTOV ¼ 2.87 M⊙ with νud ¼ 0.843 and νs ≤ 0.72 (the
parameter set is denoted as udQS2.87), and the udQS2.87
predicts Λ̃ðq ¼ 0.73Þ ¼ 720 for Mc ¼ 1.186 M⊙ and
Λð1.4 M⊙Þ ¼ 677.
Figure 1 displays the QS M-R relation with SQS1.87,

udQS2.87 and udQS3.30. For comparison, we also include
in Fig. 1 the mass 2.59þ0.08

−0.09 M⊙ from GW190814 and the
two independent simultaneous M-R measurement from
NICER by analyzing the X-ray data for the millisecond
pulsar PSR J0030þ 0451 [57,58] with mass around
1.4 M⊙ and PSR J0740þ 6620 [59,60] with mass around
2.0 M⊙. It is seen that the result with udQS2.87 is in good
agreement with NICER constraints on the M-R for PSR
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J0030þ 0451 and PSR J0740þ 6620 at 90% C.L.. One
also sees that the M-R of the conventional SQSs with
SQS1.87 is significantly far from the NICER constraints.
Therefore, our results suggest while the GW190814’s
secondary cannot be a conventional SQS, it could be a
udQS.
It is instructive to see some implications of our results.

Shown in Fig. 2 is the density dependence of the quark
massMu andMs as well as the squared sound speed c2s with
SQS1.87, udQS2.87 and udQS3.30. The results of Mu and
Ms from SU(3) NJL model with HK [67] are also plotted
for comparison. The Md is not shown here since it is very
similar to the Mu except the slight difference in the current
mass. We note that the NJL model is very successful
to describe the properties of hadrons with QCD chiral
symmetry with the model parameters fitted to the properties
of mesons and the quark condensate in vacuum, and it
provides an effective approach to describe the chiral
symmetry restoration at high baryon densities. Therefore,
the in-medium quark mass based on the well-known
parameter set in the NJL model can be used as a guidance
for the density dependent quark mass in the present CQM
model, at least at lower densities where the linear approxi-
mation should be valid for the density dependence of
the quark mass (and chiral condensates) (See, e.g.,
Refs. [73,74]). On the other hand, the NJL model cannot
describe the quark confinement which is included in the
present CQM model via the vector interactions Vij in
Eq. (3). In the present CQMmodel, the two free parameters
νud and νs determine the density dependence of the quark
mass, and larger values of νud or νs make the quark mass
decay more rapidly with density and thus facilitate the
chiral symmetry restoration at high density if the current

quark mass is neglected. It is remarkable to see from
Fig. 2(a) that while the Mu with SQS1.87 significantly
deviates from the NJL result, the udQS2.87 and udQS3.30
predicts a quite similarMu as the NJL model. Furthermore,
the udQS2.87(udQS3.30) requires νs ≤ 0.72ð0.94Þ, and
thus the corresponding Ms is also in harmony with the
NJL result as seen in Fig. 2(b). Our results thus indicate that
the u, d, and s quark masses with udQS2.87 and udQS3.30
nicely agree with the results from the NJL model.
The sound speed cs is an important quantity character-

izing the properties of the matter, and especially it measures
the stiffness of the matter EOS. From Fig. 2(c), one sees that
the cs in QS matter at lower densities is close to the light
velocity in vacuum and significantly violates the so-called
conformal boundc2s ≤ 1=3 [75], and the cs approaches to the
conformal limit

ffiffiffiffiffiffiffiffi
1=3

p
at high density due to quark decon-

finement, asymptotic freedom and the small quark masses.
We note that for the maximum mass configuration, the
center baryon density nB;c (surface baryon density nB;surf ) of
the QS is 1.60 fm−3 (0.59 fm−3) for SQS1.87, 0.81 fm−3

(0.33 fm−3) for udQS2.87, and 0.67 fm−3 (0.28 fm−3) for
udQS3.30. Due to the self-bound feature of the QS matter,
the QS has a finite surface density nB;surf where the pressure
is zero and the cs is close to the light velocity in vacuum, and
this special density dependence of cs with a peak value of
cs ≈ 1 around theQS surface but cs ≈

ffiffiffiffiffiffiffiffi
1=3

p
at theQS center

FIG. 1. M-Rrelation in theCQMmodelwithSQS1.87,udQS2.87
and udQS3.30. For comparison, themass2.59þ0.08

−0.09 M⊙ (90%C.L.)
from GW190814 (orange band), and the two independent con-
straints for PSR J0030þ 0451 [57,58] and PSR J0740þ 6620
[59,60] from NICER (90% C.L.), are also included.

FIG. 2. The u-quark mass (a), s-quark mass (b), and the squared
sound speed c2s in QS matter (c) as functions of the baryon density
in the CQM model with SQS1.87, udQS2.87 and udQS3.30. The
corresponding u- and s-quark masses from NJL model are also
plotted for comparison. The solid (open) stars in panel (c) indicate
the center (surface) density of the maximum mass configuration
of the QS.
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leads to the QS can have a larger maximum mass.
Furthermore, it is seen clearly from Fig. 2(c) that a stiffer
QM EOS generally leads to a maximummass configuration
with smaller nB;c and nB;surf , and thus larger QS radii as seen
in Fig. 1.
We further examine a special case in which SQM is more

stable than udQMwhile the latter ismore stable than nuclear
matter, i.e., the Emin of udQM is less than 930 MeV but
larger than the Emin of SQM. The SQM that obeys this
stability condition is dubbed as unconventional SQM. We
note hat such unconventional SQS made up by unconven-
tional SQM can have a very large mass, e.g., the MTOV ¼
5.6 M⊙ with νud ¼ 3.0 and νs ¼ 2.7 (the parameter
set is dubbed as ucSQS5.6). However, the ucSQS5.6
predicts Λ̃ðq ¼ 0.73Þ ¼ 11868, drastically violating the Λ̃
constraint from GW170817. To satisfy the Λ̃ extracted from
GW170817, we find the MTOV of the unconventional SQS
can have a maximum of 2.80 M⊙ with νud ¼ 0.96 and νs ¼
1.08 (the parameter set is denoted as ucSQS2.80), and in this
case one has Λ̃ðq ¼ 0.73Þ ¼ 720 and Λð1.4 M⊙Þ ¼ 675.
However, we note the ucSQS2.80 predicts an extremely
strong density dependence of Ms with νs ¼ 1.08, which
significantly deviates from the density dependence of the
Ms, even at very low densities, based on the NJL model as
shown in Fig. 2(b), and thus is strongly disfavored. We also
note a number of calculations [76–80] for SQM based on
MIT-bag-like models or color-flavor-locked phase with
typical values of the gap parameter indicate that the SQS
MTOV can be larger than 2.5 M⊙, but the Λ̃ constraint from
GW170817 is generally violated. These results suggest
again that the GW190814’s secondary cannot be a SQS.
There are a number of important implications if the

udQM is absolutely stable [40,47,51,81,82]. One interest-
ing example is the existence of stable udQM nuggets or
udlets, and consequently a new “continent of stability” of
udlets is expected to appear as an extension of the
hypothesized “island of stability” around mass number A ∼
300 in nuclear landscape [47]. While a sophisticated
calculation is needed to predict the properties of the
udlets, here we assume a udlet is a sphere of radius R
containing u (d) quarks with constant number density nu
(nd), and the energy per baryon of udlets with baryon
number A and electric charge number Z can then be
estimated by using a simple mass formula, i.e.,
EudletsðA;ZÞ¼Eðnu;ndÞþ4πΣR2=Aþ3Z2e2=ð5ARÞ, where
Eðnu; ndÞ is the energy per baryon of the udQM and Σ is
the surface tension coefficient of the udQM. Currently,
the Σ is poorly known and its value largely depends on the
model and method [37,81,83,84]. The 294

118Og [85] is the

heaviest nucleus discovered so far, and its energy per
baryon is 931.975 MeV [86]. So the EudletsðA; ZÞ for A ¼
294 and Z ¼ 118 should be larger than 931.975 MeV to
avoid the strong decay of 294

118Og into a udlet, and this leads
to a constraint of Σ ≥ 152 MeV=fm2. We also adopt
Thomas-Fermi approximation [81], which considers scalar
and vector potentials, to calculate the minimum surface
tension that prevents 294

118Og from decaying into a udlet, and
find Σ ≥ 165 MeV=fm2. These estimates of Σ are signifi-
cantly larger than the value of 19.35 MeV=fm2 from the
quark-meson model [47] but seem to agree with the larger
value of 145–165 MeV=fm2 obtained within the NJL
model [87]. In addition, we note a recent work [88] based
on the MIT bag model suggests that the quark vector
interactions, which have been considered in the present
CQM model, can strongly enhance the surface tension and
the curvature energy of quark matter drops. To self-
consistently calculate the mass of udlets and the surface
tension of udQM within the CQM model with the
Hamiltonian Eq. (1) is challenging and deserves further
investigation in future. Moreover, it will be extremely
interesting to explore the udlet production in various
nuclear reactions related to the synthesis of superheavy
nuclei, high-energy collider, ultrahigh-energy cosmic rays,
and the nucleosynthesis in supernova explosions or binary
QS merging. Compared to the three-flavor strangelets [72],
the two-flavor udlets would be much easily produced
in these nuclear reactions involving a large number of
baryons (≳300).

IV. CONCLUSION

Within the CQM model, we have demonstrated the
recently reported GW190814’s secondary component with
mass 2.59þ0.08

−0.09 M⊙ is likely to be a udQS, supporting the
hypothesis that the udQM is more stable than nuclear
matter and SQM.
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