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Probing up-down quark matter via gravitational waves
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Recently, it was shown that quark matter with only u and d quarks («dQM) can be the ground state of
matter for baryon numbers A > A;, with A, = 300. In this paper, we explore ud quark stars (udQSs) that
are composed of udQM, in the context of the two-families scenario in which udQSs and hadronic stars
(HSs) can coexist. Distinct signatures are discussed compared to the conventional study regarding strange
quark stars (SQSs). We show that the requirements of A,;, = 300 and the most massive compact star
observed being a udQS together may put stringent constraints on the allowed parameter space of udQSs.
Then, we study the related gravitational-wave probe of the tidal deformability in binary star mergers,
including the udQS-udQS and udQS-HS cases. The obtained values of the tidal deformability at 1.4 solar
masses and the average tidal deformability are all in good compatibility with the experimental constraints
of GW170817. This study points to a new possible interpretation of the GW170817 binary merger event,

where udQS may be at least one component of the binary system detected.
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I. INTRODUCTION

In the conventional picture of nuclear physics, quarks are
confined in the state of hadrons. However, it is also possible
that quark matter, a state consisting of deconfined quarks,
exists. Bodmer [1], Witten [2], and Terazawa [3] proposed
the hypothesis that quark matter with comparable numbers
of u, d, and s quarks, also called strange quark matter
(SQM), might be the ground state of baryonic matter.
However, this hypothesis is based on the bag model that
cannot adequately model the flavor-dependent feedback of
the quark gas on the QCD vacuum. Improved models have
shown that quark matter with only u and d quarks (1dQM)
is more stable than SQM [4-7], but with the common
conclusion that neither is more stable than ordinary nuclei.
In a recent study [6], with a phenomenological quark-
meson model that can give good fits to all the masses and
decay widths of the light meson nonets and can account for
the flavor-dependent feedback [8,9], the authors demon-
strated that udQM can be more stable than the ordinary
nuclear matter and SQM when the baryon number A is
sufficiently large, above A, = 300. The absolute stability
of udQM is tested to be robust within 10% departures of the
experimental data. The large A,;, ensures the stability of
ordinary nuclei in the periodic table, which also results in a
large positive charge. Recently, a collider search for such
high-electric-charge objects was attempted using LHC
data [10].

One can also look for the evidence of udQM from
gravitational-wave detection experiments. The binary

*czhang@physics.utoronto.ca

2470-0010/2020/101(4)/043003(6)

043003-1

merger of compact stars produces strong gravitational
wave fields, the waveforms of which encode the informa-
tion of the tidal deformation that is sensitive to the matter
equation of state (EOS). In general, stars with stiff EOSs
can be tidally deformed easily due to their large radii.

The GW170817 event detected by LIGO [11] is the first
confirmed merger event of compact stars. Together with the
subsequent detection of the electromagnetic counterpart,
GRB 170817A and AT2017gfo [12], they inspired a lot of
studies that greatly move our understanding of nuclear
matter forward [13-26]. The initial analysis [11] deter-
mines the chirp mass of the binary to be M, = 1.188 M.
For the low-spin case, the binary mass ratio g = M,/M is
constrained to the range ¢ = 0.7-1.0. Upper bounds have
been placed on the tidal deformability at 1.4 solar masses
A(1.4 M) <800, and on the average tidal deformability
A <800 at a 90% confidence level. Later, an improved
LIGO analysis [27] gives M. = 1.186%)001 My, and a
90% highest posterior density interval of A = 3003‘328
with ¢ = 0.73-1.00 for the low-spin prior. Lower bounds
have been placed from AT2017gfo with kilonova models
[14—-16]. However, to the author’s knowledge, the more
strict lower bounds obtained in such analysis, including
A(1.4 My) Z 200 [15] and A > 242 [16], are all assuming
the neutron star EOS. Therefore, we will not use them to
constrain our study of quark stars here.

Conventionally, binary mergers are studied in the one-
family scenario, where it is assumed that all compact
stars are within one family of hadronic matter EOSs
[11,17-19,21]. However, the discovery of pulsars with
large masses above 2 M [28-30] ruled out a large number
of soft EOSs that were expected with the presence of
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hyperons and A resonances in the interiors. Therefore, it is
natural to expect that the stars with masses above 2 M and
large radii are actually quark stars (QSs), and most of the
ones with small masses and small radii are the hadronic
stars (HSs). This possibility is the so-called “two-families”
scenario, which is based on the hypothesis that absolutely
stable quark matter (either SQM or udQM) exists, and
that the hadronic stars can coexist with quark stars [31].
The binary merger in the two-families scenario includes
three cases: HS-HS [20], HS-QS [21], and QS-QS [32].
Alternatively, dropping the hypothesis that quark matter is
the ground state gives the twin-stars scenario [21,25,26],
where quark matter only appears in the interiors of
hybrid stars.

Several things make ud quark stars (udQSs), which are
composed of udQM, very distinct compared to the strange
quark stars (SQSs) that are composed of SQM. First,
udQSs can satisfy the 2 M constraint more easily than
HSs and SQSs [6,33] due to the nonhyperonic composition
and the small effective bag constant. Second, the coexist-
ence of HSs and QSs requires that the conversion of
hadronic matter to quark matter be neither too fast nor
too slow compared to the age of our Universe. In contrast to
the coexistence study for SQSs, where the conversion
requires the presence of hyperons which only emerge
above 1.5 solar masses, the conversion regarding udQSs
can happen at a smaller mass range, since no hyperonic
composition is needed. Therefore, it is possible that udQSs
can coexist with HSs even at the small mass range
below 1.5 M. This reasoning raises the possibility for
GW170817 being a udQS-udQS merger or a udQS-HS
merger despite the smallness of the chirp mass 1.186 Mg
and the high mass ratio g = 0.73-1.00. Besides, the
possibility of the QS-QS case is sometimes disfavored
for GW170817/AT2017gfo because of the kilonova obser-
vation of nuclear radioactive decay [34]. However, it is
possible that the udQM ejected is quickly destabilized by
the finite-size effects and converts into ordinary or heavy
nuclei. The conversion is far more rapid for udQM than
for SQM, due to a much larger A,;, and the nonstrange
composition, so that there is no need to involve extra weak
interactions to convert away strangeness. Note that the radii
constraints derived from GW170817 are mostly for had-
ronic EOSs in the context of the one-family scenario
[17-19], so that they have not much relevance to the
udQSs in the two-families scenario we are discussing here.

Motivated by these considerations, we explore the
properties of udQSs and the related gravitational-wave
probe in the two-families scenario, including the binary
merger cases udQS-udQS and udQS-HS. We will discuss
the related compatibility and constraints from GW170817.
Note that we ignore the discussion of the HS-HS case, since
this possibility is not directly related to the study of quark
stars and is disfavored to some extent for GW 170817 based
on the consideration of prompt collapse [20].

II. PROPERTIES OF udQSs

The EOS of udQM can be well approximated by the
simple form p = 1/3(p — p,), where p; is the finite density
at the surface. For the EOS of SQM, the coefficient 1/3
is modified by the strange quark mass effect, with the p,
value also being different. In the region of interest for
udQM, we can take the relativistic limit where the energy
per baryon number in the bulk limit takes the form
E/A = p/ny = (yNcph/4n* + Begp)/na = 3/ANcpry +
3B/ p [6], where N = 3 is the color factor and y =
> ff /3 is the flavor factor, with the fraction f, =1/3 =
1/2f,; for udQM. The effective Fermi momentum is
pr = (37°n4)'/3. B is the effective bag constant that
accounts for the QCD vacuum contribution. Note that in
this udQM study, we can approximate B as an effective
constant, since its dependence on flavor and density only
causes a substantial effect when strangeness turns on at
very large density [4-6]. Minimizing the energy per
baryon number with respect to p for fixed flavor compo-
sition gives

E
Z: 3V2”()(3Beff)l/4a (1)

at which p =0, p = p;, = 4B.. Equation (1) matches the
exact numerical result of the phenomenological meson
model [6] extremely well, with a mere error ~0.3% due to a
tiny u (d) quark mass. It was shown in Refs. [4-6] that B
has a smaller value in the two-flavor case than in the three-
flavor case, so that udQM is more stable than SQM in the
bulk limit. Absolute stability of udQM in the bulk limit
implies E/A <930 MeV, which corresponds to

Beff s 56.8 MeV/fm3 (2)

from Eq. (1). In general, a larger E/A or B gives a larger
Apin- The stability of ordinary nuclei against udQM requires
Amin 2 300, which translates to E/A = 903 MeV or

B = 50 MeV/fm?3 (3)

for the quark-meson model that matches the low-energy
phenomenology [6]. This quark-meson model also results in
a quark-vacuum surface tension o~ (91 MeV)? that is
robust against parameter variations.

The linear feature of udQM EOS makes it possible to
perform a dimensionless rescaling on parameters [35,36]

P P=ir
4'Beff ’ 4'Beff '
r= ry/ 4Beff’ m=m 4Beff’ (4)

which enter the Tolman-Oppenheimer-Volkoff (TOV)
equation [37,38]
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FIG. 1. M-R of udQSs. The black dot at (M,R)=
(0.0517,0.191) denotes the maximum mass configuration.

dp(r) _ _[m(r) +4zr’p(r)]lp(r) + p(r)]
dr r(r=2m(r)) ’
D) arp(r)r, )

so that the rescaled solution is also dimensionless, and thus
is independent of any specific value of B.y. The TOV
solution with a specific B,y value can be obtained directly
from rescaling the dimensionless solution back with
Eq. (4). Solving the rescaled TOV equation with the
udQM EOS gives the dimensionless result shown in
Fig. 1, with the maximum rescaled mass at (M,R)=
(M+\/4B.tt,R\/4B+)=(0.0517,0.191), mapping to M ., &
15.174/v/BeiM o, Ryimax = 82.79/+/Begs km. Therefore,
the requirement that udQS have a maximum mass not
smaller than the recently observed most massive compact
star J0740 + 6620 (M ~2.141009 M) [30] implies

By < 503753 MeV/fm?, (6)

which constrains more strictly than what Eq. (2) imposes.
Interestingly, the central value of the upper bound [Eq. (6)]
is very close to the lower bound [Eq. (3)] at the critical
value B, ~ 50 MeV /fm>. To be more conservative, we can
take 10% departures, considering the theoretical and
experimental uncertainties [30,39-45], so that the allowed
window of B for udQS is

{B,aos} ~ [45,55] MeV /fm’ (7)

with the central value B, ~ 50 MeV /fm?. The correspond-
ing M-R solution is shown in Fig. 2.

Note that some SQS studies [21,32,46] exploited similar
small By values to have maximum masses above 2 M,
but the smallness is not natural considering the appearance
of strangeness, and a large perturbative QCD (pQCD) effect
or a color superconducting phase has to be included to
guarantee the stability.

a 6 8 10 12
R(km)
FIG. 2. M-R of udQSs. Lines with darker color denote a larger

effective bag constant By and sample (45, 50, 55) MeV/fm?,
respectively. The black dots denote the maximum mass location.

The response of compact stars to external disturbance is
characterized by the Love number k, [47-50]:

8C ,
ky, = ?(1 —2C)*[2+2C(yg — 1) = yg]

x {2C[6 — 3yg +3C(Syg — 8)] +4C3[13 — 11y,

+ C(Byg —2) +2C%(1 + yg)]

+3(1 =2C)*[2 — yg +2C(yg — 1)]log(1 = 2C)} 1.
(8)

Here, C = M/R = C(M). And yy is y(r) evaluated at the
surface, which can be obtained by solving the following
equation [50]:

ry'(r) +y(r)* + r*Q(r)
+ ¥l +4nr*(p(r) = p(r)] =0, (9)

with the boundary condition y(0) = 2. Here

0(r) = 4rel) <5p(r) +9p(r) M%)
A N
02 - W(r), (10)
and

(11)
2

c5(r) = dp/dp denotes the sound speed squared. For stars
with a finite surface density like quark stars, a matching
condition should be used at the boundary y$t = yint —
4zR%p,/M [51]. Solving Eq. (9) with the p(r) and p(r)
obtained from Eq. (5), one obtains the function k,(C).
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FIG. 3. The tidal deformability A vs the rescaled star mass M
for udQSs. For M with M = 1.4 M, o» the red band represents the
region with Beg € {Byags}, and the red dashed line shows
B.i = B.. The blue band denotes the GW170817 constraints
on A(l.4 Mg) [11].

The dimensionless tidal deformability A = 2k,/(3C°) as a
function of mass M is thus obtained accordingly. The result
is shown in Fig. 3.

We see from Fig. 3 that for M = 1.4 M, and By €
{Buags}, one has M = M+/4B € [0.032,0.035], as the
red band in Fig. 3 represents. Mapping this range to Fig. 3
gives A(1.4 M) € [530,857]. And A(1.4 M) ~ 670 for
Bt = B.. We see that these results are well compatible
with the GW 170817 constraint A(1.4 M) < 800 [11]. In
particular, the point where A(1.4 M) reaches the upper
bound A(1.4 My)~800 sets a more stringent lower
bound: B, qs 2 47.9 MeV/ fm3. We also see that the result
is not sensitive to the possible uncertainties related to the
lower bound of the A(1.4 M) constraint.
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FIG. 4. The average tidal deformability A vs the rescaled chirp
mass M, for the udQS-udQS merger case. Black curves show
results with ¢ = M,/M, = (0.1,0.2,0.3,0.4,0.5,0.7, 1) from
left to right, respectively. For the GW170817 event in which
M. = 1.186 M, the red band represents the region of M, with
Begr € {Bygs}> and the red dashed line is with B,y = B.. The

blue band is the GW170817 constraint on A [27].

III. BINARY MERGER IN THE
TWO-FAMILIES SCENARIO

The average tidal deformability of a binary system is
defined as
- 16(1+12 16 ¢*(12 +
A= —%A(Ml) +—L5q)

13 (1+q) 13 (1+9)

where M| and M, are the masses of the binary components.
And g = M,/M,, with M, being the smaller mass so
that 0 < g < 1. Then, for any given chirp mass M, =
(M M3)*3 /(M +M,)'/>, one has My = (¢*(q+1))"/° M,
and M, = (1 +9)/¢*)"°M...

AMs),  (12)

A. udQS-udQS merger

In this case, the average tidal deformability can be
expressed as a function of the rescaled mass parameter

M = M\/4Beff:
A= &(1 + 12¢)
13 (1+¢)°

164*(12+ q)

AT + 13 (14¢q)

A(M). (13)
Substituting the A(M) obtained previously into the formula
above, we get the results shown in Fig. 4. Note that in this
figure, the lower end of each curve is determined by
requiring each component of the binary system not to
exceed its maximum mass. The M, value of each end is
negatively correlated with the g value, since for a given M .,
a less symmetric system has a larger component mass,
which can exceed their maximum mass more easily. The
general shape of the figure matches our qualitative expect-
ation. For given M, a smaller mass ratio ¢ maps to a
smaller A. Besides, for given ¢, a larger rescaled mass
M, = M /4B corresponds to a smaller A. These fea-
tures are all due to the general fact that quark stars with
larger masses have larger compactness, and thus are less
likely to be tidally deformed.

As Fig. 4 shows, for GW170817, in which M, =
1.186 M, the constraint A= 300f§§8 [27] translates to
0.4 < g < 1for By € {B,40s }» and especially to ¢ = 0.74
for Bey = B, = 50 MeV /fm?, all of which are compatible
with the GW 170817 constraint ¢ = 0.73-1.00 [11]. We see
that ¢ 2 0.73 and A <720 set a more stringent lower
bound, with B,gos 2 49.5 MeV/fm?. We also see that

B aqs is not constrained much by the lower bound of A.

B. udQS-HS merger

For the udQS-HS merger case, we need the information
of the hadronic matter EOS, which has large uncertainties
in the intermediate-density region. Based on nuclear
physics alone, the EOS should match the low-density
many-body calculation and the high-density pQCD result
[52]. Here we use three benchmarks of hadron matter
EOSs—SLy [53,54] Bsk19, and Bsk21 [55]—that have
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FIG. 5. The average tidal deformability A vs ¢ = M,/M, for
the udQS-HS merger case, with M, being the mass of the
hadronic star and M. = 1.186 M, for the GW170817 event. For
HS EOSs, SLy (blue), Bsk19 (red), and Bsk21 (black) are used.
For udQS EOSs, lines with darker color denote larger B,
sampling (45,50,55) MeV/fm?® € {B, s}, respectively. The
blue band and gray band are the GW170817 constraints on A
and g, respectively [27].

unified representations from low density to high density.
Bsk19 is an example of soft EOSs. HSs with Bsk19 have
maximum mass M, = 1.86 Mg <2 Mg and Ry 4y, =
10.74 km < 11 km. The feature of small masses and small
radii is preferred for the typical HSs branch of the two-
families scenario. For illustration, we also show bench-
marks of a hard EOS (Bsk21) with M, =2.27 Mg,
Ri4m, =12.57 km, and a moderate one (SLy) with
Mpyax = 2.05 Mg, Ry 4y, = 11.3 km. With Eq. (12), the
A(M) results of udQS, and the HS EOS benchmarks, we
obtain the average tidal deformability A of the udQS-HS
system, as shown in Fig. 5.

We see from Fig. 5 that the order of A for different HS
EOSs matches the expectation from the general rule that a
HS with a stiffer EOS or a QS with a smaller effective bag
constant has a larger radius, and thus has larger deform-
ability. Lines with different hadronic EOSs tend to merge at
lower g as A gets dominated by the contribution of large-
mass quark stars. We see a good compatibility with current
GW170817 constraint A = 300133 when ¢ = 0.73-1.00,
except for an exclusion of the stiffest hadronic EOS (Bsk21).

IV. CONCLUSIONS

We have discussed the distinct properties that make
udQSs good candidates for the two-families scenario in
which hadronic stars can coexist with quark stars. We have
shown that the requirements of A, = 300 and M. =
2.14 M, together stringently constrain the effective bag
constant of udQSs to Be; ~ 50 MeV/fm3. A 10% relax-
ation that accounts for the possible uncertainties gives
the conservative range B, s € [45,55] MeV/fm?. Then
we studied the related gravitational-wave probe of tidal
deformability of binary star mergers including the
udQS-udQS and udQS-HS cases. For the udQS-udQS
case, the upper bound of tidal deformability and the
binary mass ratio of GW 170817 further confine the allowed
parameter space to B,gos € [49.5,55] MeV/fm?. Also,
with the dimensionless rescaling method used, the analysis
can be straightforwardly generalized to an arbitrary binary
chirp mass and effective bag constant for current and future
gravitational-wave events. The udQS-HS case is also well
compatible with the GW 170817 constraints. These point to
anew possibility that GW170817 can be identified as either
a udQS-udQS merger or a udQS-HS merger event.
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Note added.—We became aware of the recent Ref. [56].
With a special version of the NJL model, Ref. [56] has
some discussions on the A(1.4 M) of nonstrange quark
stars for the low-spin case of GW170817, and the authors
also found that A(1.4 M) can match the experimental
constraints in a certain parameter space. However, they
neglected the study of the two-families scenario and the
corresponding average tidal deformability A. Also, they
only explored the parameter space in which udQM is more
stable than SQM, with the parameter space where udQM is
even more stable than nuclear matter remaining uncertain in
their model.
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