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We have evolved mergers of equal-mass binary quark stars, the total mass of which is close to the mass
shedding limit of uniformly rotating configurations, in fully general relativistic hydrodynamic simulations,
aimed at investigating the postmerger outcomes. In particular, we have identified the threshold mass for
prompt black hole formation after the merger, by tracing the minimum lapse function as well as the amount
of ejected material during the merger simulation. A semianalytical investigation based on the angular
momentum contained in the merger remnant is also performed to verify the results. For the equation of state
considered in this work, the maximum mass of cold spherical configurations is 2.10 M⊙, the threshold
mass is found between 3.05 and 3.10 M⊙. This result is consistent (with a quantitative error smaller than
1%) with the universal relation derived from the numerical results of symmetric binary neutron star
mergers. Contrary to the neutron star case, the threshold mass is close to the mass shedding limit of
uniformly rotating quark star. Consequently, we have found that binary quark stars with total mass
corresponding to the long-lived supramassive remnant for neutron star case, could experience collapse to
black hole within several times dynamical timescale, making quark stars as exceptions of the commonly
accepted postmerger scenarios for binary neutron star mergers. We have suggested explanation for both the
similarity and the difference, between quark stars and neutron stars.
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I. INTRODUCTION

The outcome of a binary neutron star (BNS) merger
event could provide rich information on the equation of
state (EOS) of cold dense matter because the lifetime of the
merger remnant before collapsing to black hole (BH)
depends on the total mass of the binary system and
the EOS of the merging NSs (for recent reviews, see,
e.g., [1–4]) and the amount and properties of the ejecta and
the evolution of the magnetic field during the postmerger
stage are closely related to the evolution of the massive
remnant, which could be implied from the observations of
the electromagnetic counterparts of the BNS merger [5–9].

According to the postmerger outcome as inferred from
observations for the BNSmerger event GW170817 [10,11],
various constraints has been put on the EOS of the merging
NSs [7,12–16].
There are several critical masses which determine the

fate of the postmerger remnant [17]. One is the threshold
mass of prompt collapse (Mthres): an immediate formation
of BH will occur if the total mass of the binary (Mtot)
is beyond this mass, otherwise a massive NS remnant
is formed [18–22]. Various attempts have been done in
deriving an EOS-insensitive relation for Mthres so as to
make better use of the current and future observations of
BNS mergers to constrain the EOS models of NSs [22–26].
In the delayed collapse case, if the remnant could be
supported by only uniform rotation (i.e., the mass of the
remnant is less than the mass shedding limit of uniform
rotation Mmax;urot) [27,28], it is called a supramassive NS
(SMNS) [29]. Otherwise it is called a hypermassive NS
(HMNS) and has to be supported by differential rotation
[30–32]. The angular momentum of the merger remnant is
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expected to be redistributed quickly by effective turbulent
viscosity produced by magnetohydrodynamical instabi-
lities and gravitational torque. The remnant is expected
to be back to uniform rotation in a timescale of ∼100 ms
[33,34]. Although SMNS could further dissipate its angular
momentum due to magnetic braking, the lifetime of a
SMNS remnant should be much longer than HMNS case
before undergoing a delayed collapse to BH. There is
another possibility of a stable NS remnant if the remnant
mass is smaller than the maximum mass of cold spherical
NS configurations (i.e., Mmax;TOV).
In addition to conventional NS models, many efforts

have been made in the role of a strong interaction phase
transition (PT), which might lead to the existence of a
deconfined quark phase [35], on the postmerger outcome
[36,37]. Nevertheless, the formation of a deconfined quark
core in the high density part of the remnant is not the only
possible outcome of the strong interaction PT, the possi-
bility of a self-bound compact star composed entirely of
deconfined u, d, s quarks (i.e., bare quark star) has been
suggested [38–43]. However, due to the self-bound nature
of such objects, there exists a density discontinuity on the
surface of quark stars (QS) which has made it difficult to be
evolved with general relativistic hydrodynamic (GRHD)
simulations. In spite of very few previous attempts in
simulating binary merger involving QSs (cf. [44] in
approximate gravity and smooth particle hydrodynamics),
the dynamics of BQS mergers is still poorly understood.
In particular, it is known that by uniform rotation, the

maximum mass of QSs is enhanced much more than NSs
(i.e.,Mmax;urot=Mmax;TOV is typically 1.2 for NSs, but 1.4 for
QSs [45]) and Mmax;urot for QSs could be very close to
Mthres supposing that QSs follow the same universal
relation of Mthres for prompt collapse (which predicts
Mthres=Mmax;TOV ≈ 1.46 for the QS model considered in
this paper). This indicates that either QSs do not follow the
universal relation of threshold mass for prompt collapse as
NSs, or the scenario of postmerger outcome is totally
different from NSs, as in BNS cases the gap betweenMthres
(Mthres=Mmax;TOV ≈ 1.3–1.7 [21]) and Mmax;urot is much
larger than QS case and a system with a total mass in
between those two values corresponds to the HMNS
remnant scenario. It is suggested that mergers resulting
in prompt collapse or a hypermassive remnant will lead to
very distinguished observational features of the short
gamma-ray burst and kilonova counterparts [5–7,17],
and particular caution was made for unequal-mass merger
cases [16]. And hence, verifying the postmerger scenario
with appropriate GRHD simulation of BQS mergers with
total mass close to Mmax;urot is very important for the
interpretation of future observations of binary mergers.
Very recently, we have developed a novel numerical

approach for handling bare QSs in numerical relativity
simulations [46], which enabled us to explore the dynamics
of BQS mergers in grid-based GRHD simulations for the

first time. We have employed our methods in the evolution
of BQS mergers with different masses, aimed at deriving
the threshold mass of prompt collapse in BQS mergers. The
EOS and binary models used in this work will be
introduced in Sec. II. The simulation results and interpre-
tation of them will be reported in Sec. III. Finally,
conclusions and discussions about the impact of our results
on understanding future observations will be described
in Sec. IV.

II. THE MODELS

Similar to our previous work, MIT bag model [47] is
used as the EOS for the merging QSs in our simulations.
Modern details of the model, such as finite mass of strange
quarks and gluon-mediated interactions [48,49], are not
considered for simplicity. We have extensively tested the
reliability and accuracy of handling the simplest form of the
MIT bag model with our numerical implementation in our
previous study [46]. Hence, we stick with the same model:

pcold ¼ Kρ4=3 − B;

ecold ¼ 3Kρ4=3 þ B; ð1Þ

in which pcold, ρ and ecold are the pressure, rest-mass
density and energy density of quark matter at zero temper-
ature, respectively. B is the bag constant and is set to be
52.5 MeV fm−3. The parameter K is determined as

K ¼
�

c8

256B

�
1=3

; ð2Þ

in order to resolve the discontinuity of specific enthalpy
across the surface of the QSs (the details are found in [46]).
With such a choice, Mmax;TOV is 2.10 M⊙ and the tidal
deformability for a 1.4 M⊙ star is 598. To take the finite
temperature effects into account, we have applied the Γth
prescription in which the total pressure is described as a
sum of the cold part pcoldðρÞ of Eq. (1) and a thermal part in
the form:

p ¼ pcold þ ðΓth − 1Þρϵth; ð3Þ

where ϵth is the thermal part of the specific energy density
defined by the difference between the total specific energy
density and the cold part as obtained from Eq. (1). The
index Γth is chosen to be 4=3 such that the primitive
recovery procedure inside the QS is essentially solving a
quadratic equation which allows us to accurately resolve
whether or not a fluid element is inside the QS without
losing computational efficiency [46].
The value of Mmax;urot with this EOS is 3.03 M⊙, and

with differential rotation the mass of QSs could be
much higher. Suppose that BQS merger follows the
same universal relation of Mthres as BNS mergers
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(e.g., Mthres=Mmax;TOV ¼ −3.49Cmax;TOV þ 2.40 as in
Eq. (7) [23], in which Cmax;TOV is the compactness of
TOV maximum mass solution and is equal to 0.268 for the
QS model considered in this paper [46]), the derived value
of Mthres for this model would be approximately 3.07 M⊙,
i.e., very close to Mmax;urot. It is therefore interesting to
verify what happens for the remnant of a BQS merger with
a total mass near the range of Mmax;urot and Mthres, and to
figure out a more accurate value of Mthres by fully GRHD
simulations.
For this purpose, we have prepared irrotational equal-

mass BQS initial data with different total masses (3.0 M⊙,
3.05 M⊙, and 3.1 M⊙ at infinite separation, and the models
are referred to as MIT3.00, MIT3.05, and MIT3.10 through
the texts) separated at an initial distance of 35 km with the
COCAL code [50–52]. The surface fit coordinate employed in
COCAL code is essential for obtaining accurate initial data for
QSs which have a finite surface density [53,54]. The
convergence and accuracy of the COCAL code in calculating
initial data for corotational, irrotational and spinning BQSs
will be reported in another paper [55]. The evolution is
done with the SACRA-MPI code [56,57], which employs a
moving puncture version of the Baumgarte-Shapiro-Shibata-
Nakamura formalism [58–61] and a constraint propagation
prescription similar to the Z4c scheme [62] to solve the
Einstein’s evolution equations. In order to evolve bare QSs
with finite surface density, an essential modification in the
primitive recovery part of the code is done and reported in our
previous research [46]. An adaptive mesh refined setup is
implemented for the evolution of the BQSmodels, the details
ofwhich are found in [56]. For the highest resolution runs, the
resolution and size of the finest level are Δx ¼ Δy ¼ Δz ¼
74 m and Lx ¼ Ly ¼ 2Lz ¼ 23.68 km (orbital plane
symmetry is assumed for the simulations). For comparison,
we have done all the simulations in another grid setup with
Δx ¼ Δy ¼ Δz ¼ 118.4 m.
To verify whether or not a prompt collapse happens for a

certain model, we have tracked the minimum lapse function
αmin throughout the simulation. It is a robust indicator for
the appearance of an apparent horizon [63]. In addition, for
equal-mass binaries, the bounce of αmin is related to the
bounce of the remnant in the postmerger, which would
drive a significant fraction of mass ejection during the
merger. By contrast, in the prompt collapse case, the
bounce is absent and the remnant straightforwardly col-
lapses to a BH. Thus the mass ejection is negligible for
equal mass mergers. According to this, we have tried to
identify the prompt collapse by searching for the model
with least mass when no bounce in αmin is observed.

III. RESULTS

Figure 1 shows the evolution of αmin for the 3 models
with different total mass and in two different resolutions.
As can be seen, there is one bounce for αmin before the
collapse to BH for the models with total mass of 3.0 and

3.05 M⊙. By contrast, for the model with 3.1 M⊙, the
merger remnant collapses to a BH without any bounce,
constraining Mthres for this EOS model to be between 3.05
and 3.10 M⊙. This result is universal in the two different
resolutions we considered.
The lifetime of the merger remnant before collapsing to

BH could be indicated by the duration between the first
local minimum of αmin and the moment it approaches zero.
According to Fig. 1, it is found that the lifetime of the
remnant for the models MIT3.00 and MIT3.05 are similar,
i.e., approximately 1 ms, and all correspond to a very short-
lived case. On the other hand, the lifetime of the remnant
for MIT3.10 vanishes, which is the consistent with a
prompt collapse scenario.
In addition to the evolution of αmin, we also display the

time evolution of the ejecta mass of each model in Fig. 2.
This shows that the ejecta mass is tightly related to the
postmerger outcome. Here, the ejecta mass is estimated by
integrating all matter with ut < −1.0 and distance larger
than 147.7 km from the coordinate origin. As can be seen
from the figure, for modelMIT3.10, the rising of the amount
of ejecta happens earlier as the merger happens at an earlier
time compared with the other two models (cf. the moment
when αmin starts to rapidly drop in Fig. 1) but saturates at a
lower total amount when the BH is eventually formed due to
the absence of the bounce in the merger remnant. Similar to
what is seen in the lifetime of the merger remnant, the ejecta
mass is nearly the same for model MIT3.00 and MIT3.05,
while the difference between theMIT3.10 and the other two
models are much larger than the difference between
MIT3.00 and MIT3.05. These features all indicate a prompt
collapse for the MIT3.10 case.
According to what is discussed above, the threshold

mass for prompt collapse of the MIT bag model we are

FIG. 1. The evolution of the minimum lapse function for the
three models MIT3.00 (blue curve), MIT3.05 (red curve), and
MIT3.10 (green curve). The results in the low and high resolution
are shown in the dashed and solid curves, respectively.
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considering is between 3.05 and 3.10 M⊙. In another word,
a BQS whose total mass is very close to the maximummass
of uniformly rotating configuration experiences prompt
collapse in the postmerger phase. As shown in Fig. 3, it is

quite different from BNS cases, for which Mthres is much
larger than Mmax;urot and a BNS merger with mass close to
Mmax;urot is expected to produce a relatively long-lived
remnant which can survive after the dissipation of the
differential rotation. In fact, model MIT3.00, which by
definition corresponds to the supramassive remnant sce-
nario, collapses to BH within 2 ms, becoming incompatible
with the postmerger scenarios of BNS. On the contrary,
quantitatively the threshold mass is in good agreement with
the universal relation derived from BNS simulations. To
understand the difference and similarity of BQS and BNS
mergers, we have analyzed the mass and angular momen-
tum in the merger remnant and come up with a semi-
analytical explanation, in the similar approach to [23].
Figure 4 shows the angular momentum and total mass of

the binary (estimated by subtracting out the angular
momentum radiated by GW during the inspiral stage from
the initial values) with filled circles, at the moment when
merger happens (by choosing the time when the gravita-
tional wave strain reaches maximum at the end of inspiral
stage), for the three models considered in this work. In
addition, we plot the empirical relation between the angular
momentum of the remnant (Jmerger) and total mass of the
binary for BNS: Jmerger ∼ 4.041Mtotal − 4.658, fitted by the

FIG. 4. A semianalytical approach to understand the post-
merger outcome of BQS mergers. The solid/dashed black curves
are the angular momentum and mass for the “turning point”
solutions of differentially/uniformly rotating QSs. j-const is
chosen as the differential rotation law with Â ¼ 3.0. The blue
curve is the empirical relation of the angular momentum of the
merger remnant and total mass of the binary based on simulations
of BNS mergers, according to previous researches [23]. The
intersection of the blue curve and “turning point” curve should
indicate the threshold mass, as beyond this mass, the merger
remnant would not be able to have sufficient angular momentum
to support itself. The blue filled circles are the angular momentum
and mass for the merger remnant as extracted from the BQS
simulations considered in this work.

FIG. 3. A quantitative comparison between Mthres (orange
shaded area) and Mmax;urot (blue shaded area) of NSs (shown
on the left half) and QSs (on the right half). The plots for QSs are
made according to the results obtained in this work for the MIT
bag model and those for NSs are according to previous researches
on various NS EOS models (and hence being more scattered)
[21,64]. It is worth noting that, for any particular NS EOS model,
Mthres and Mmax;urot take their unique value from the shaded
range in the figure. Therefore, the gap between the two shaded
areas for the NS case is merely the lower limit for the difference
between Mthres and Mmax;urot for any given EOS model, yet still
being much larger than the gap of the QS model considered
in this work.

FIG. 2. The amount of unbound material (as estimated with the
criterion that ut < −1, 0 and distance from the coordinate origin
d > 147.7 km) for the three models considered in this work, for
the high resolution runs.
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simulation results with various NS EoS [23]. As immedi-
ately found, the results of BQS merger simulations are in a
good agreement with the BNS empirical relation, which is a
key for understanding the fact that Mthres of BQS mergers
follows the universal relation for BNS cases. The inter-
section of the blue curve and the turning point solutions of
differentially/uniformly (indicated black solid/dashed line)
rotating QS should approximately indicate the threshold
mass of BQS cases, as beyond the intersection point (i.e., as
J and M become larger than the values at the intersection
point), the merger remnant would not have enough angular
momentum to support the mass it possesses. Indeed, the
intersection happens between 3.0 and 3.1 solar mass, which
again confirms our fully GRHD simulation results.
Combining the simulation results and the semi-analytical

explanation, we are now able to understand the postmerger
scenario of BQS mergers. Although QSs could reach much
higher maximum mass with uniform/differential rotation
compared with NSs, these equilibrium configurations do
need much higher angular momentum to support the mass
[54]. Nevertheless, for a fixed total mass of the binary, the
final angular momentum contained in the merger remnant
is similar for BQS and BNS cases. Hence, a BQS system
with mass close to Mmax;urot could experience prompt
collapse since the merger remnant would not be able to
have angular momentum sufficient for supporting itself.
More specifically, the angular momentum contained in the
merger remnant is related to how much angular momentum
is radiated by GW during the inspiral, which could be well
modeled by the masses of the binary components and finite
size effects, such as the tidal deformability. Therefore, it is
not very surprising that Mthres of BQS mergers could also
be estimated with the universal relation for BNS mergers,
as tidal deformability/compactness is needed for the uni-
versal relation.
Since the fate of the merger remnant is determined by

angular momentum and mass inside it, we should now
make a caution when comparing the postmerger scenarios
of BNS and BQS according to the information in Fig. 3. As
mentioned above, the maximum mass of uniformly rotating
configurations for NSs determines the classification of
HMNS and SMNS, which result in very different lifetimes
for the merger remnant and ejecta properties, and hence
could be potentially distinguished from observations.
However, for BQS mergers, the situation might be differ-
ent. The reason is that Mmax;urot is the maximum mass of a
uniformly rotating configurations with any angular
momentum which could be contained in the star, regardless
of how to obtain the amount of angular momentum needed.
Although QSs, as self-bound objects by strong interaction,
could contain more angular momentum than NSs and reach
much larger Mmax;urot, in reality a BQS merger remnant
might not have enough the angular momentum to reach
Mmax;urot. Therefore, the fact that the mass range between
Mthres and Mmax;urot is very narrow for QSs (according to

the right panel in Fig. 3) does not mean it is unlikely to have
a short-lived BQS merger. We will investigate the evolution
of BQS mergers which experience delayed collapse to BH
in a future project and compare with BNSs in more details.
In addition, it is worth mentioning that quantities of

individual QS as described by Eq. (1) scales with the bag
constant B for both nonrotating and rotating configurations
[65], in particular, mass and radius of a solution scales as

ðM1; R1Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
B2=B1

p
ðM2; R2Þ ð4Þ

for solutions with scaled central density and angular
velocity:

ρc;1 ¼ ðB1=B2Þρc;2;
Ω1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
B1=B2

p
Ω2: ð5Þ

Consequently, the result we obtained in this work (i.e.,
Mthres of BQS mergers follows the universal relation
derived from BNS simulations, and is very close to
Mmax;urot) is not a coincidence due to a particular choice
of B. Even if we switch to a different value for the bag
constant, due to the scaling relations, the ratio
Mmax;urot=Mmax;TOV is invariant. Similarly, the ratio k ¼
Mthres=Mmax;TOV obtained from the universal relation will
be the same as long as the relation is derived in terms as
quantities such as compactness/tidal deformability of a
TOV maximum mass solution (which also remain
unchanged when B is different). On the other hand, tidal
deformability for a fixed mass (for example, k2 for a
1.4 M⊙ star) of QSs described by MIT bag model scales in
a complicated way [66], and universal relations based on
such properties could become unreliable for QSs.

IV. CONCLUSIONS AND DISCUSSIONS

In this work, we performed fully GRHD simulations of
BQS mergers with different masses and tried to determine
the threshold mass of prompt BH formation of BQS
mergers, which is a key parameter for constraining EoS
of compact stars with future multimessenger observations,
by investigating quantities such as the minimum lapse
function and ejecta amount during the postmerger stage.
The value of Mthres is found to be between 3.05 and
3.10 M⊙ with respect to Mmax;TOV ≈ 2.10 M⊙ for the EoS
model we considered, and is in good agreement with the
universal relation derived with various BNS simulations
[23]. This is due to the fact that the inspiral-in of a binary
compact star is a purely “gravity-bound” process: the
dynamics during this stage is determined by the gravita-
tional interaction between the two stars, and any informa-
tion about the EoS and structure of those merging stars, are
concentrated in the quantities such as tidal deformability
and compactness. Consequently, in spite of the fact that
bare QSs are self-bound and could reach more massive
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rotating configurations by containing more angular
momentum, the angular momentum left in the merger
remnant is similar to the case of BNS, as long as the total
mass and tidal deformability of the merging binary are
similar. Due to the same reason, a supramassive remnant of
BQS merger could collapse to a BH within a few times the
dynamical timescale, as the mass shedding limit of uni-
formly rotating QSs demands more angular momentum
than what could be left in the remnant.
According to our results, for any future multimessenger

observations which we could confirm whether or not a
prompt collapse happens, the derived radius/compactness/
tidal deformability constraint for NSs according to the
merger outcome could be directly applied for QSs as well,
as the universal relations of Mthres is valid for both cases.
Nevertheless, as we are now only beginning to attempt
simulations of BQS mergers in fully GRHD, there is still a
lot to improve in our understanding of what happens during
a BQS merger. For instance, although the amount of ejected
material is found to be in similar order of magnitude
compared with BNS cases, it is not straightforward to
predict the signatures of the EM counterparts, as the nuclear
physical evolution of those ejected quark matter is quite
unclear [67–70]. More sophisticated nuclear physical
models and nucleosynthesis are required to be combined
with the simulation results for us to have a better

understanding about the EM signatures of BQS mergers.
In addition, limited by our current primitive recovery
scheme for QSs, it is quite complicated and time-consum-
ing to explore the impact of the thermal components. We
will extend our study to more general cases so as to
systematically explore the impact of thermal component
and mass ratio on the dynamics of BQS mergers in the
future.
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