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We perform fully general-relativistic simulations of binary strange star mergers considering two
different approaches for thermal effects. The first uses a cold equation of state (EOS) derived from
a modified version of the MIT bag model which is then supplemented by a Γ-law correction. The
second approach employs a microphysical description of the finite-temperature effects. We describe
results obtained with the two treatments, highlighting the influence of thermal effects. We find that
the postmerger dynamics differs significantly in the two cases, leading to quantitative differences in
the postmerger gravitational-wave spectrum and ejecta mass. The peak frequency of the postmerger
gravitational-wave emission is consistent with the established quasi-universal relations for binary
neutron star mergers and as a result, our simulations cannot distinguish between mergers of neutron
stars and those of strange stars. Our models with realistic treatment of finite-temperature effects
produce a significant amount of ejecta ≳ 0.02 M⊙. The resulting flux of strangelets near the Earth,
computed assuming that all neutron star mergers are in fact strange-stars mergers and that the
binary considered here is representative, is in tension with experimental upper limits. As such, our
results tentatively disfavor a scenario in which strange-quark matter is the lowest energy state of
matter.

I. INTRODUCTION

The detection of gravitational waves (GWs) from the
coalescence of the binary neutron star (BNS) merger
GW170817 [1] complemented by the subsequent obser-
vations of electromagnetic (EM) counterparts by a num-
ber of Earth and space-based telescopes [2], has opened a
new avenue for exploring the properties of matter under
extreme densities (up to several times the nuclear satura-
tion density ρnuc ∼ 2.7× 1014 g cm−3) and temperatures
(up to 10s of MeVs) that can not be presently realized in
any terrestrial laboratory. These extreme physical con-
ditions are in fact expected to occur in the post-merger
remnants generated in BNS mergers and in core-collapse
supernovae [3–5]. The equation of state (EOS) describ-
ing the thermodynamic properties of this extreme matter
primarily determines the evolution, the fate of the merger
remnant, the GW signal, and to some extent, the proper-
ties of the ejecta and associated electromagnetic counter-
parts. Other effects such as neutrino transport, [6–24],
and magnetohydrodynamic turbulence [25–28] may also
influence the post-merger evolution.

In the aforementioned hot and dense region of the
phase diagram of strongly interacting matter, quantum
chromodynamics (QCD) predicts a transition from a
regime where quarks and gluons are confined within
baryons and mesons (the hadronic matter phase) to a
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regime with deconfined quarks and gluons: the so-called
quark matter phase. In this region of the QCD phase
diagram, it is still an open question as to whether the
hadronic-to-quark matter phase transition is of the first
order or proceeds continuously as in a crossover [29]. Up-
coming experiments such as the Compressed Baryonic
Matter (CBM) experiment [30] at the Facility for An-
tiproton and Ion Research (FAIR) are expected to shed
light on the nature of such a phase transition.

It has long been suggested that a phase of matter made
up entirely of the three lightest quark flavors, the up
(u), down (d), and strange (s) quarks along with a suf-
ficient number of electrons to ensure electrical neutral-
ity, could exist in the core of sufficiently massive neu-
tron stars (NS). This form of quark matter is referred
to as strange quark matter (SQM) and a NS possessing
a SQM core is known as a hybrid star (see e.g., [31]).
Even more intriguing than the existence of an SQM core
in a NS is the possible existence of a new family of com-
pact stars, called strange stars, which are entirely (i.e.,
up to the surface) made up of SQM (bare strange stars).
They could possibly be covered by a thin crust of “nor-
mal” matter similar to the one found in the outer crust
of a NS (strange stars with crust). The possible exis-
tence of strange stars is a consequence of the so-called
Bodmer–Witten hypothesis [32, 33]. According to this
hypothesis, SQM is absolutely stable, i.e., its energy per
baryon (E/A)uds (at the baryon density where the pres-
sure is equal to zero) is less than the energy per baryon
of the most bound atomic nuclei (56Fe,58 Fe,62 Ni) which
is ∼ 930.4 MeV. The absolute stability of SQM does not
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preclude the existence of “ordinary” matter [32, 33]. In
fact, under this hypothesis, atomic nuclei can be consid-
ered as metastable states (with respect to the decay to
SQM droplets) having a mean-life time many orders of
magnitude larger than the age of the Universe.

Over several years, a number of compact stars associ-
ated with different astrophysical phenomena have been
proposed as possible candidates for strange stars [34–
38]. Most recently, it has been argued that the low-
mass companion (with a mass in the range (2.50− 2.67)
M⊙) of the 23 M⊙ black hole, whose merger generated
the gravitational wave signal GW190814 [39], could be
a strange star [40]. Massive strange stars could thus
populate the so-called mass-gap between neutron stars
(NSs) and black holes (BHs). It has also been suggested
that the Central Compact Object within the supernova
remnant HESS J1731-347 [41] could be interpreted as a
low-mass (M = 0.77+0.20

−0.17M⊙) strange star [41–43].
Strange stars could be formed in supernova explosions

[44, 45], during the early evolution of a protoneutron star
[46–49], or by an external seeding of strangelets (chunks
of SQM) [50] in ordinary neutron stars [51, 52]. Al-
ternatively, the conversion of an ordinary neutron star
into a strange star is a very likely formation mecha-
nism. Works like [53, 54] have studied the dynamics
of such a conversion process assuming the presence of
an initial SQM seed and modeling the conversion as a
turbulent deflagration. In fact, as it has been proposed
and discussed in several works [55–57], if the hadronic-
to-quark matter phase transition is of the first order,
ordinary NSs above a threshold value of their gravita-
tional mass (corresponding to a threshold central density
nthr) become metastable with respect to the conversion
to strange stars. These metastable NSs have a mean-life
time related to the nucleation time τ to form the first
critical-size SQM droplet in their center 1. As shown
in [55–57], τ decreases very steeply as a function of the
stellar central density nc (or as a function of the cor-
responding gravitational mass MG(nc)), from τ = ∞
when nc = nthr, to values much smaller than typical
pulsar ages (see e.g. Fig. 1 in [55]). At this point (e.g.
when τ ∼ 1 yr [55, 56]) the conversion to a strange star
is very likely. This conversion process releases a huge
amount of energy (O ∼ 1053 erg) [58], mainly in a power-
ful neutrino burst [54] that can possibly result in a short
gamma-ray burst. Thus a way to produce strange stars
is through mass accretion onto neutron stars in binary
systems [55, 59] or during the spin-down of a rapidly ro-
tating neutron star [60]. By this mechanism, ordinary
metastable neutron stars could be converted into strange
stars and these two families of compact stars could co-
exist in the universe. It is important to emphasize that

1 The actual mean-life time of the metastable NS depends on the
mass accretion or on the spin-down rate which modifies the nucle-
ation time via an explicit time dependence of the stellar central
density nc.

all the present observational data and our present exper-
imental and theoretical knowledge of the properties of
dense matter do not allow us to accept or exclude the
validity of the Bodmer–Witten hypothesis and hence the
existence of strange stars and the possibility to have two
coexisting families of compact stars.
Matter ejected during the merger of two strange-quark

stars is expected to form strangelets [61, 62], namely
strange quark matter droplets with baryon number A <
107 [63]. Strangelets might also be produced in heavy ion
collision experiments [64, 65] and might be formed from
the collisions of energetic cosmic rays with the Earth’s at-
mosphere [66]. There has been no unambiguous detection
of strangelets, but few candidates events from balloon-
borne detectors have been found [67–69]. Among the
currently running experiments searching for strangelets
in cosmic rays are the space-based AMS-02 Spectrometer
and the Lunar Soil Strangelet Search (LSSS) collabora-
tion. It is therefore interesting to predict the strangelets
flux near the Earth and to compare it with experimental
observations.
Previous works computed the production rate in our

Galaxy from strange-star mergers: Bauswein et al. [70]
performed several binary strange star merger simula-
tions2 and found a population-averaged ejecta mass of
∼ 10−4 M⊙. By assuming a Galactic merger rate of
10−5 − 10−4 yr−1 (based on the study of short and long
gamma-ray bursts from Belczynski et al. [71]), they

found a Galactic production rate for strangelets of Ṁb =
10−9 − 10−8 M⊙ yr−1. A similar computation has been
done by Madsen [72] who assumed binary strange star co-
alescences might emit the same average amount of ejecta
than BNS mergers, i.e. ∼ 10−5−10−2 M⊙. The Galactic
merger rate was estimated from observations of binary
pulsars [73] to be 83.0+209.1

−66.1 Myr−1, so that he found a

conservative lower limit of Ṁm = 10−10 M⊙ yr−1. As
discussed in detail below, our simulations suggest that
the amount of strangelets produced in mergers could be
more than two orders of magnitude larger than estimated
in previous works, providing a stronger constraint on the
merger rate of strange-star binaries.
From the above discussion, it is clear that the existence

of strange stars would have very far-reaching consequence
not only for the physics of strong interactions in extreme
matter, but also for the many different astrophysical phe-
nomena associated with compact stars.
We note that although the merging of ordinary neutron

stars has been widely discussed in literature [74–76], the
case of binary strange star mergers has been relatively
less explored. Only a few works have addressed the gen-
eral features of the dynamics of this process. They either
employed zero temperature EOSs supplemented with a
thermal correction [77, 78], or they included finite tem-

2 Their strange quark matter EOS was derived from the MIT Bag
Model, so that the only free parameter is the Bag Constant.
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perature effects, but approximated the treatment of grav-
ity using the conformal flatness approximation for the
space-time evolution [79]. In this work we perform the
first full general-relativistic hydrodynamic (GRHD) sim-
ulations of binary strange star mergers with a microphys-
ical treatment of finite-temperature effects. We study
the difference between this treatment, in which thermal
effects are calculated in a way consistent with the zero-
temperature equation of state, with those obtained us-
ing the zero-temperature EOS supplemented by a phe-
nomenological thermal contribution, like those adopted
in previous works [77, 78]. We also make use of a mod-
ified version of the MIT bag model [80, 81] that allows
for larger maximum masses of strange stars compared to
the classical MIT bag model [50, 77, 78].

The paper is organized as follow. In Sec. II we describe
the modified MIT bag model we employ to obtain the
SQM EOS. Sec. III discusses the numerical setup we
adopt and the initial data employed for simulations. An
analysis of our results follows in Sec. IV. In particular in
Sec. IVA, we focus on the merger dynamics and in Sec.
IVB, we study GW signatures. Sec. IVC is dedicated to
a discussion of dynamical ejecta (IVC1) from the binary
strange star merger and excretion disks (IVC2) for the
remnant strange star. The updated estimation of the
strangelets flux near the Earth from our binary strange
star merger simulations is reported in Sec. IVD along
with the comparison with experimental available data.
We finally conclude in Sec. V. Appendix A is dedicated
to TOV tests that we perform on isolated, non-rotating,
bare strange stars.

Throughout this paper we adopt a space-like signature
(−,+,+,+) with Einstein’s convention for summation
over repeated indices. Unless otherwise stated, all quan-
tities are expressed in geometrized units, i.e., G = c = 1.

II. THE EQUATION OF STATE FOR STRANGE
QUARK MATTER

The EOS for strange quark matter that includes
the effects of gluon-mediated QCD interactions between
quarks up to O(α2

s ), can be written [82–84] in a straight-
forward and easy-to-use form similar to the popular ver-
sion of the MIT bag model EOS [50]. The grand canoni-
cal potential per unit volume takes the form (in the units
where ℏ = 1 and c = 1)

Ω =
∑

i=u,d,s,e

Ω0
i +

3

4π2
(1− a4)

(µb

3

)4

+Beff , (1)

where Ω0
i is the grand canonical potential per unit volume

for u, d, s quarks and electrons modelled as ideal (non-
interacting) relativistic Fermi gases individually. The
second term takes into account the perturbative QCD
corrections up to O(α2

s) [82–84]. It represents the de-
gree of deviation from an ideal relativistic Fermi gas,
with the parameter a4 = 1 corresponding to the ideal

FIG. 1. Mass-radius relation for isolated, non-rotating, bare
strange stars computed solving the TOV equations for the
cold SQM EOS. The black circle denotes the configuration of
the equal mass (m1 = m2 = 1.361M⊙) binary strange star
system whose merger is simulated in this work.

case. The baryon chemical potential µb can be written
in terms of the u, d and s quark chemical potentials as
µb = µu + µd + µs. Finally, Beff is an effective bag
constant which phenomenologically describes the non-
perturbative aspects of QCD.
To model the temperature dependence from the ideal

gas term provided by fermions and antifermions, we com-
pute the corresponding Fermi integrals for a given tem-
perature T and chemical potential µi (see e.g. [85]):

Ω0
i (T, µi) = −1

3

gi
2π2

∫ ∞

0

k2dk k v

× [f(k, µi) + f(k,−µi)] , (2)

where v = k/Ei is the particle velocity, with Ei(k) =
(k2 +m2

i )
1/2. The functions f(k,±µi) are the Fermi dis-

tribution functions with chemical potentials for particles
(+µi) and antiparticles (−µi) given by:

f(k,±µi) =
1

e(Ei(k)∓µi)/T + 1
. (3)

The degeneracy factor gi = 2 for electrons and gi = 6 for
each quark flavor. Additionally, we neglect the tempera-
ture dependence of the last two terms in Eq.(1).
The total entropy density is given by

s =
∑

i=u,d,s,e

si (4)

and can be calculated using the ideal Fermi gas approx-
imation for each fermionic species [86]:

si(T, µi) = − gi
2π2

∫ ∞

0

k2dk [f(k, µi)lnf(k, µi)

+ (1− f(k, µi))ln(1− f(k, µi))

+ f(k,−µi)lnf(k,−µi)

+ (1− f(k,−µi))ln(1− f(k,−µi))] . (5)
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TABLE I. A summary of our simulation dataset for two spatial resolutions. m1 and m2 are the gravitational masses of the
two strange stars in the binary and M is the total gravitational mass of the binary. Λ represents the tidal deformability of
the individual star which is the same for both stars in a symmetric binary. fpeak

2 represents the dominant postmerger peak
frequency of the ℓ = 2, m = 2 mode. tBH − tmerg is the time of collapse to a black hole relative to merger.

EOS m1 [M⊙] m2 [M⊙] M [M⊙] Λ Resolution fpeak
2 [kHz] Collapse tBH − tmerg [ms]

Cold + Γ-Law 1.36 1.36 2.72 723.34 LR 2.836 Yes 63.35
Cold + Γ-Law 1.36 1.36 2.72 723.34 SR 2.576 No -

Temperature dependent 1.36 1.36 2.72 723.34 LR 2.668 Yes 9.00
Temperature dependent 1.36 1.36 2.72 723.34 SR 2.682 Yes 65.40

Using standard thermodynamical relations, the energy
density can be written as:

e = Ω+
∑

i=u,d,s,e

µini + Ts , (6)

where ni is the number density for each particle species
which can be calculated as:

ni = −
(
∂Ω

∂µi

)
T,V

(7)

and the total baryon number density is:

nB =
1

3
(nu + nd + ns) . (8)

Weak reactions of the type:

d+ u ↔ u+ s (9)

u+ e− ↔ s+ νe (10)

occurring as the stellar matter is heated and compressed
during the merger of the two stars and the evolution of
the post-merger object, will change the quark concentra-
tions of matter to minimize the energy per baryon of the
system. We initialize the binary in such a way the strange
quark matter originally satisfies the β-equilibrium with
respect to the weak interactions, i.e.:

µs = µd = µu + µe . (11)

and electrical charge neutrality. However, the evolution
is performed assuming a frozen electron fraction Ye in
each fluid element [87], because we neglect the weak re-
actions that may occur in the strange stars. However,
because the equilibrium Ye is only very weakly depen-
dent on density and temperature for strange matter, we
do not expect that this approximation will impact our
results in a qualitative way. A more detailed study of
the impact of weak reactions in strange-star mergers is
left to a future work.

In the present work we take me = 0, mu = md = 0,

ms = 100 MeV, B
1/4
eff = 138MeV and a4 = 0.8. Using

these values for the EOS parameters, SQM satisfies the
Bodmer-Witten hypothesis and in addition atomic nu-
clei are stable with respect to their possible decay into
droplets of non-strange (i.e. u, d) quark matter [50, 60].

In Fig. 1 we show the mass-radius curve for cold, iso-
lated and non-rotating strange stars described by our
EOS model. For the structure parameters characterizing
the stellar maximum mass configuration we obtain the
following values: gravitational mass M = 2.10M⊙, bary-
onic mass MB = 2.71M⊙, stellar radius R = 11.57 km,
central baryon number density nBc = 0.924 fm−3, central
density ρc = 1.7625× 1015 g/cm3 and tidal deformability
Λ = 22.46. For the SQM EOS model employed in this
work, general relativistic equilibrium sequences of rapidly
spinning bare strange stars have been constructed in [60].
In particular, it was shown (see Table 3, first line and fig-
ures 3 and 4 of Ref. [60]) that for the case of maximally
spinning bare strange stars (i.e. at the mass shedding
limit), the maximum gravitational and baryonic masses
correspond to M = 3.032M⊙ and MB = 3.924M⊙ re-
spectively.

III. NUMERICAL SETUP

All the simulations performed in this work are targeted
to model a GW170817-like event in the sense that we con-
sider binary strange star configurations with the same
chirp mass as GW170817 [1], i.e., Mchirp = 1.18 M⊙. To
this aim, we simulate non-rotating, symmetric binaries of
total mass M = 2.72 M⊙. This choice is aimed at sim-
ulating the cleanest scenario before possibly considering
the effects of unequal mass ratios.

The initial data are generated using the pseudo-
spectral code LORENE [88]. We consider irrotational bi-
naries in quasi-circular orbits at an initial separation of
45 km. For bare strange stars, we have a huge gradi-
ent in density as we move from a tenuous atmosphere
to the stellar surface. In fact for the case of the EOS
used in this work, the surface density of the star is
ρs = 3.58 × 1014 g cm−3 which is 1.33 times the nuclear
saturation density ρnuc. In order to control spurious os-
cillations of density on the stellar surface, we reduce the
relaxation factor for the gravitational potential to 0.05 in
the initial data.

The evolution of binary strange star mergers in this
work is carried out in full General Relativity using our
GRHD infrastructure WhiskyTHC [89, 90]. The space-
time is evolved using the Z4c formulation [91, 92] as im-
plemented in the CTGamma [93, 94] thorn of Einstein
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FIG. 2. The variation of pressure with energy density e (left panel) and the pressure gradient dp/de (right panel) for the
β−stable SQM EOS along with the hybrid finite-T EOS and the full finite-T EOS at 30 MeV. The ideal fluid contribution
of the Γ-Law makes the EOS stiffer than the full finite-T EOS at large densities. The larger pressure gradient of the hybrid
finite-T EOS suggests enhanced stability for strange stars with this model.

Toolkit [95]. We employ the Carpet [96, 97] infrastruc-
ture for adaptive mesh refinement.

We assume the strange star matter to be a relativistic
perfect fluid, i.e., a fluid without viscosity, heat conduc-
tion or shears. The stress-energy tensor for such a fluid
is given by

Tµν = (e+ p)uµuν + pgµν , (12)

where e is the total energy density, p the isotropic pres-
sure, uµ the relativistic 4-velocity of the fluid and gµν

the spacetime metric. For numerical reasons, we split
the energy density into a “rest-mass” and internal en-
ergy parts as e = ρ(1 + ϵ), where ρ = mBnB , nB is the
baryon number density and mB is a mass scale chosen so
that ϵ ≥ 0. We remark that mB does not have a specific
physical meaning in the context of strange-quark matter.
As described in section II, we neglect weak reactions in
our simulations, i.e., we assume the net lepton number ne

to be conserved. The equations of GRHD are therefore
given by the conservation of the baryon number, and the
conservation of energy and momentum:

∇µ(ρu
µ) = 0 , (13)

∇µT
µν = 0 . (14)

The system of equations (13)–(14) is closed by the EOS
for strange quark matter which is described in section II.
The flux terms in equations (13)–(14) are reconstructed
using a positivity preserving limiter first introduced in
[98] and later implemented in WhiskyTHC [99]. We pro-
vide some details about its usage in Appendix A.

All binaries are simulated at two spatial resolutions
which we conventionally name as low resolution (LR) and
standard resolution (SR). In the finest refinement level,

the spatial grid’s cell is ∼ 180 m long for SR and ∼ 250 m
for LR. Since no striking differences arise between the two
resolutions, we report our results for the most accurate
SR unless stated otherwise. Our simulation dataset is
summarized in Table I.
An interesting aspect of our work concerns the incor-

poration of thermal effects into the equation of state for
SQM. We compare models of binary strange star mergers
with a finite temperature EOS to models where we add an
ideal-fluid thermal component to the cold β-equilibrated
EOS. Finite temperature effects are modelled in a consis-
tent manner through the numerical calculation of Fermi
integrals for the various thermodynamic variables (Eqs.
(1)–(7)). This approach in which thermal contributions
are consistently included with the zero-temperature EOS,
has only been used in a few simulations of binary strange
star mergers [79]. In this work, we will refer to numerical
simulations that make use of this consistent treatment
of thermal effects as the full finite-T simulations. An
approximate and still widely used treatment of thermal
effects consists of adding the thermal contribution of an
ideal fluid to the pressure of the zero temperature EOS:

p = pc + pth , (15)

where pc is the pressure of the zero-temperature slice of
the EOS and pth is the thermal contribution given by the
so called Γ− law as

pth = (Γth − 1)ρ ϵth . (16)

Here ϵth is the thermal specific internal energy given by

ϵth = ϵ− ϵc(ρ) (17)

and the adiabatic index Γth = 1.7. We will refer to nu-
merical simulations based on the Γ-law treatment of the
thermal contributions as hybrid finite-T simulations.
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FIG. 3. 2D representative frames of the time evolution of total energy density e across the xy plane for a merger of irrotational,
bare strange stars evolved with the finite-T EOS (SR). Upper panel: sketch of the inspiral phase up to the merger. Lower
panel: remnant formation and its dynamics.

In Fig. 2, we report both the variation of pressure and
the pressure gradient with total energy density for the
zero-temperature EOS as well as for the finite-T and hy-
brid finite-T EOS at T = 30MeV. The full finite-T EOS
predicts a loss of pressure support at high-densities when
compared to the hybrid finite-T EOS thereby making it
relatively soft. This manifests as an early collapse of the
strange star remnant evolved with the full finite-T EOS
as will be discussed in IVB.

IV. RESULTS

In this section, we present our results for a merger of bi-
nary strange star focusing on the overall dynamics of the
remnant, potential signatures on the gravitational wave
emission and the dynamical ejection of strange quark
matter as a result of the merger.

A. Dynamics of the merger

In this subsection, we present a qualitative overview
of the merger dynamics. Since the dynamics are similar
for both the thermal treatments, in Fig. 3 we report the
evolution of total energy density across the equatorial

FIG. 4. Instantaneous frame of the temperature inside the
remnant formed after the merger of the binary evolved with
the full finite temperature EOS (SR).

plane for the full finite-T simulation. We also present the
spatial distribution of temperature across the equatorial
plane for a representative time in the postmerger (Fig 4).

The energy density snapshots are reported at instants
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FIG. 5. Time evolution of the minimum of the lapse func-
tion αmin with both the hybrid (red) and the temperature-
dependent EOS (blue). For the former scenario, we observe
the lapse always keeps above ∼ 0.5, meaning the remnant is
a stable body. For the latter, αmin drops below 0.3 indicating
the formation of an apparent horizon.

relative to merger so that the different stages of inspi-
ral, merger and post-merger can be distinguished. Start-
ing from the initial data, the binary emits ∼ 7 cycles of
GWs in the inspiral, radiating its energy and angular mo-
mentum. As the orbit decays, the strange stars become
tidally deformed by their mutual gravitational attraction.
We define the time of merger tmerg as the instance when
the ℓ = 2,m = 2 mode of the GW radiation attains
a maximum. The merger results in a remnant that is
highly deformed and undergoes violent radial pulsations
along with differential rotation that source gravitational
wave emission in the kilohertz regime (Fig. 7 in the next
section).

The remnant thus formed is stabilized by differential
rotation over dynamical time-scales ∼ O(10) ms, thereby
forming a massive and rapidly rotating strange star. We
refer the reader to Table I for the eventual fates of the dif-
ferent models we simulate. As we have shown in Fig. 2,
the full finite-T EOS softens at high densities when com-
pared to the hybrid finite-T EOS. This softening man-
ifests as a difference in the lifetimes of the postmerger
remnant. In particular, the binary evolved with the hy-
brid finite-T EOS at SR is the only one that does not col-
lapse within the simulation time scale. In all other mod-
els we find that the remnant is unable to support itself
and gives in to gravitational collapse. Consequently, we
characterize its lifetime by the quantity tBH−tmerg which
represents the approximate time from merger when the
remnant collapses to a black hole. We identify tBH as the
time when the minimum of the lapse function αmin ≤ 0.3,
which for non-spinning binaries is a good approximation.
A similar definition for the remnant’s lifetime was intro-
duced in ref. [75] and has been utilized in refs. [100–102].

We note that the remnant evolved with the full finite-
T EOS collapses after 65.40 ms (SR) from the time of

merger. This is made explicit in Fig. 5 where we plot
the time evolution of the minimum of the lapse func-
tion αmin. On the other hand, the strange star remnant
evolved with the hybrid finite-T EOS remains stable and
does not undergo gravitational collapse over the full sim-
ulation time of 86.1 ms post-merger. This is evidenced by
the near-constant evolution of the minimum lapse. As is
expected for remnant life-times [12], we find them to be
strongly sensitive to a change in spatial resolution both
for the finite-T simulations as well as the hybrid simula-
tions (Table I).

FIG. 6. Time evolution of the central baryon number den-
sity nB (normalized to nuclear saturation density nnucl =
0.16 fm−3) in a merger of strange stars both with the hybrid
finite-T (red) and the full finite-T EOS (blue). We observe
the full finite-T remnant undergoes more violent oscillations
in density owing to its softening at high densities relative to
the hybrid EOS. These violent oscillations do not dampen
away during the simulation time scale, eventually causing the
full finite-T remnant to collapse. On the other hand, oscil-
lations in the hybrid remnant’s central density saturate over
a time scale of 20 ms, following which the hybrid remnant
remains stable.

In Fig. 6, we show the evolution of the central baryon
number density nB in a merger of strange stars evolved
with a hybrid finite-T EOS as well as the full finite-T EOS
(SR). During the inspiral, owing to the fact that both
EOS treatments have the same cold β−equilibrated be-
havior at low densities, the evolution of central density is
very similar and undergoes mild oscillations. As the two
stars merge, the central density undergoes strong oscilla-
tions sourced from the radial pulsations of the postmerger
remnant. The difference between the thermal treatment
between the two EOSs is reflected in the more violent
oscillation of the full finite-T remnant. In particular,
these strong pulsations make it unstable towards a grav-
itational collapse to a black hole. On the contrary, the
hybrid finite-T EOS’s central density begins to saturate
for t − tmerg ≳ 10. As a consequence, the hybrid finite-
T remnant can sustain its shape via differential rotation
over the time scale of the simulation. The difference in
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the postmerger dynamics as a result of differences in ther-
mal treatments were also reported in [79] where it was
found that including non-zero thermal effects in the EOS
indeed influences the strange star lifetime.

B. Gravitational waves

In this subsection we will present an analysis of the
gravitational wave emission from a merger of binary
strange stars and compare the evolution from a hybrid
EOS finite-T EOS to a full finite-T EOS one. To start
with, we employ the Newman-Penrose formalism [103] to
compute the gravitational wave strain h+ − ih× via fast
frequency integration [93] of the Weyl scalar Ψ4 (measur-
ing the outgoing GWs).

In Fig. 7 we report the + polarization of the dominant
ℓ = 2, m = 2 mode of the GW strain (top panel) along
with the instantaneous frequency (bottom panel) for the
three main phases of the coalescence.

The GW strain is significantly reduced soon after the
merger (∼ 2−3 ms). Such a reduction is more promi-
nent with the full finite-T EOS. Additionally, we find
pronounced modulations in the postmerger amplitude in
both the EOS treatments (see [104] for a detailed dis-
cussion). These amplitude modulations are anticipated
to be a beating pattern caused by the interaction of ra-
dial pulsations of the remnant (at a characteristic fun-
damental mode f0 ∼ 1 kHz) with the rotation of the
remnant (at a characteristic postmerger peak frequency

fpeak
2 ∼ 2 − 4 kHz). Such features in the postmerger
waveform morphology have been also been encountered
in [100, 105, 106].

We report the postmerger amplitude spectral densi-
ties of our SR models for the different EOS treatments
in Fig. 8, where we also show the noise curves for the
upcoming GW interferometers: the Einstein Telescope
(ET) [107, 108] and the Cosmic Explorer (CE) [109, 110].
The inspiral contribution has been suppressed using a
Tukey window to better compare the spectral contribu-

tions from the postmerger. We notice that the fpeak
2 fre-

quencies are different between the two EOS models. This
is to be expected because the full finite-T EOS is softer
as compared to the hybrid finite-T EOS at the densi-
ties and temperatures typically probed during the post-
merger. These features in the postmerger spectra pro-
vide optimal detection avenues with the next generation
of GW detectors. Quantitatively, for a binary strange
star merger at a luminosity distance of 40 Mpc (same
as that of GW170817), the 20 km postmerger-optimized
CE detector will report a postmerger signal-to-noise ra-
tio (SNR) of 38.4 for the hybrid finite-T model and 30.89
for the full finite-T EOS. This relative decrease in the
SNR could perhaps be attributed to the weaker ampli-
tude modulations of the GW strain for the more compact
finite-T remnant.

An important question is whether we can differentiate
between mergers of neutron stars and mergers of strange

stars. There have been a few works in this regard, most
notably [79] which claimed the differentiability of binary
strange star mergers from binary neutron star mergers by
citing smaller tidal parameters for strange stars as well
as the fact that characteristic inspiral and postmerger
frequencies are in general higher for binaries of strange
stars. More recently, ref. [113] claimed distinguishabil-
ity between binary strange star and binary neutron star
mergers from their respective inspiral signals. The au-
thors made use of the empirical relations between the
f-mode frequencies (frequency of density perturbations
during the inspiral) and tidal deformations and claimed a
non-degeneracy between such relations for binary strange
star and binary neutron star inspirals. However, such a
non-degeneracy could only be established with a weak
statistical significance.

Having performed new fully GR simulations of binary
strange star mergers, we now report on the differentia-
bility between mergers of strange stars and mergers of
neutron stars. In this regard, Zhu et al. [77] showed
that mergers of strange stars followed the same quasi-
universal relations between merger/postmerger frequen-
cies and tidal deformabilities as other hadronic binaries,
thereby claiming that it will be difficult to distinguish the
two classes of stars. Our results appear to be in agree-
ment with theirs, as we also find that our strange star
merger models follow the pre-established quasi-universal

relations between the postmerger peak frequency fpeak
2

and a tidal parameter κT
2 . In particular, in Fig. 9, we

show this relation for neutron star binaries provided in

refs. [111, 112] between fpeak
2 and the tidal parameter

κT
2 defined as:

kT2 = 3ν

[(m1

M

)3

Λ1 + (1 ↔ 2)

]
, (18)

where ν = m1m2/M is the symmetric mass ratio, Λi =
(2/3)k2,iC

−5
i the quadrupolar tidal deformability of the

i-th star and, in turn, k2,i and C−5
i are respectively the

Love number and the compactness of the i-th star (see
also [111]). These relations have been calibrated over 600
numerical relativity simulations of BNS mergers available
publicly via the CoRe database [112]. We also show (in
red and blue circles) our SR models of binary strange
star mergers along with error estimates that provide dif-

ferences in fpeak
2 from the corresponding LR simulations.

For the binary evolved with the full finite-T EOS, the
change in spatial resolution produces a miniscule error of

∆fpeak
2 ∼ O(10) Hz as compared to the hybrid finite-T

model. Both models are within the trends observed for
neutron star binaries up to a credible interval of 90%.
Thus in conclusion, up to 90% credible intervals, it is
difficult to distinguish between mergers of strange stars
and merger of neutron stars from their postmerger GW
emission, at least according to our EOS models.
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FIG. 7. Gravitational waves emission from binary strange star mergers with both the hybrid (red) and the temperature-
dependent EOS (blue). The strain h+ has been oriented so that the merger takes place at 0 ms. Top panel : time evolution
of the ℓ = 2, m = 2 dominant mode of the GW strain. The amplitude of the post-merger signals decreases with time, though
with a small modulation. Bottom panel : time evolution of the instantaneous frequency.

C. Ejecta

In this subsection we shall investigate the properties of
nuggets of strange quark matter, also called strangelets
[114, 115] that are ejected in a binary strange star
merger. It is noteworthy to mention that the dynamics of
strangelets and the consequences of a contamination of
the Universe are still unclear. In particular, strangelets
may stay as SQM if they were absolutely stable or they
might evaporate into ordinary nucleonic matter. Also
their internal properties, their size and the interactions
with the environment may affect their fate. Due to a lack
of modelling, we cannot comment upon the possible ra-
dioactive decay of ejecta, r-process nucleosynthesis, and
the consequent kilonova signatures [116–120]. The pro-
duction of strangelets in SQM mergers was previously
investigated by Ref. [70]. They assumed that mergers of
binary strange stars are the only efficient mechanism for
the production of strangelets and constrained an average
SQM ejecta mass per event to be ∼ 10−4 M⊙. Further-
more, they found evidence of a strong correlation between
the Bag constant for their EOS model and the ejected
mass of SQM implying that a measurement of the cosmic
ray flux of strangelets could in principle put observational
constraints on the value of the Bag constant.

1. Dynamical ejecta

In this subsection we report our analysis of the strange
quark matter ejected from a binary strange star merger
on dynamical time scales. To do that, we make use of the
geodesic criterion to flag the region of the flow that be-
comes gravitationally unbound with respect to the rem-
nant. In other words, unbounded SQM follows the con-
dition ut < −1, with ut being the time component of
the 4-velocity of the flow. In Fig. 10 we show the mass
of SQM that has crossed a fiducial coordinate sphere of
200 GM⊙/c

2 (≃ 295.34 km). We also refer the reader
to [116, 121, 122] for more discussions on the different
criteria for the unbounded matter.

There is no significant mass loss up to tmerg which is
usually the case for a symmetric binary’s inspiral. Later
on, the lost mass increases monotonically signifying that
most of the kinetic energy of the merging stars is indeed
converted into thermal pressure causing the ejection of
the material.

We find the ejected SQM mass during the postmerger
with the full finite-T treatment to be a factor ≳ 4 more
massive than that simulated from the hybrid finite-T
EOS. The violent bounces of the full finite-T remnant’s
core could be responsible for producing more SQM than
the hybrid finite-T case as observed in [7, 123]. That
could also be why the amount of dynamical ejecta for the
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FIG. 8. The amplitude spectral density of the postmerger
gravitational wave strain from both the hybrid (red) and the
finite temperature EOS (blue). Noticeable are the character-

istic postmerger peak frequencies fpeak
2 between 2 − 4 kHz.

The finite-T EOS being softer at higher densities naturally
predicts a more compact remnant thereby increasing its fpeak

2 .
Also reported are the sensitivities of the next generation of
GW interferometers with the best detection prospects offered
by the 20 km postmerger optimized CE-20 detector.

binary evolved with the hybrid finite-T EOS increases in
a smooth fashion once the remnant has formed (∼ 10 ms
postmerger); whereas the increase in the total outflowed
mass is not only larger for the full finite-T models but
also increases at a faster rate.

Quantitatively, we have a dynamical mass loss of ∼
0.025 M⊙ for the binary evolved with the full finite-T
EOS; whereas the hybrid finite-T model shows an out-
flow of only ∼ 0.005 M⊙. Dynamical ejecta from merg-
ers of symmetric binaries [74, 124, 125] are estimated to
typically have a mass ∼ 10−3 M⊙. Hence the amount of
ejecta for the binary evolved with the full finite-T EOS
is about an order of magnitude larger than the typical
mass loss for a comparable BNS merger. This is an in-
teresting outcome because intuitively, one would expect
a smaller amount of ejecta owing to the surface tension
and gravitational attraction for a strange star. Bauswein
et al. [79], in contrast, found a smaller ejecta mass for
binary strange star mergers (0.001 M⊙ versus 0.002 M⊙
typical of a BNS merger). We find however that our full
finite-T EOS leads to strong bounces of the remnant’s
core contributing significantly to the dynamical ejecta.

2. Accretion Disks

In this subsection, we shall describe the properties of
strangelets that are squeezed out of the collisional inter-
face in a binary strange star merger but are still gravita-
tionally bound. Differently from dynamical ejecta, these

FIG. 9. Our binary strange star merger models simulated at
SR with both the hybrid (red circle) and a finite-T EOS (blue
circle) in conjunction with the pre-established quasi-universal
relations for BNS mergers provided in refs. [111, 112]. The
universal relations have been calibrated over 600 Numerical
Relativity simulations of neutron star mergers from the CoRe

database. Up to 90% credible intervals, binary strange star
mergers are degenerate with BNS mergers implying that they
are not mutually distinguishable. The error bars provide dif-
ferences in fpeak

2 from the corresponding lower resolution (LR)

models. Owing to small ∆fpeak
2 ∼ O(10) Hz with a change in

spatial resolution for the finite-T EOS model, its error bars
are not visible on the scale of the plot.

FIG. 10. Time evolution of the unbound strange quark matter
with both the hybrid finite-T (red) and the full finite-T EOS
(blue). There is no significant loss up to few ms post-merger,
consistent with a symmetric (q = 1) binary’s evolution. The
stronger density pulsations of the softer full finite-T remnant
in the postmerger are expected to produce more dynamical
ejecta.

nuggets of SQM do not possess enough energy to move
indefinitely away from the system; instead they form
the accretion disk around the remnant. For BNS coa-
lescences, the nature of disks has been widely discussed
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and is still under investigation. A number of previous
works [121, 126, 127] obtained the angular velocity of
the gravitationally bound material approximately scales
as r−3/2, meaning the disk can be assumed to be Ke-
plerian. However, in a recent study [128] a larger set
of numerical simulations has been analysed, and it has
been suggested that the rotational profile of the disk may
rather be characterized by a constant specific angular mo-
mentum. Here, we follow the convention in [129] and we
compute the mass of the accretion disk as a function of
time from the integral

Mdisk =

∫
V

√
γ ρW d3x (19)

over the 3D volume V , where γ is the determinant of
the spatial metric γij , W is the Lorenz factor and the rest
mass of strange quark matter should be ρ < 1013 g cm−3

(larger values of ρ indeed identify the central part of the
remnant and no longer the disk). Furthermore the SQM
lies outside the apparent horizon (if one has already been
formed), i.e., α ≥ 0.3.

FIG. 11. Time evolution of the disk mass with hybrid (red)
and finite temperature EOS (blue). The stable remnant of
hybrid simulation has a more massive disk which remains al-
most constant for the whole run. Finite-T simulation shows
instead a decrease in Mdisk once the BH is formed.

We report in Fig. 11 the time evolution of disk mass
as described above for both kind of binary strange star
merger simulations. First of all, we find that the amount
of matter which is gravitationally bound within the disk
is greater than dynamical ejecta, though they are of the
same order and so the relative difference is not so large
(quantitatively it is ∼ 0.07 M⊙ for the binary evolved
with the hybrid EOS and∼ 0.05M⊙ with the full finite-T
EOS). The mass of the disk usually dominates dynamical
ejecta also in neutron star coalescences [7, 130] (for sym-
metric binaries Mdisk is estimated to be ≳ 10−2M⊙), but
the former is much greater by at least one order of mag-
nitude. Despite such a small relative difference with the

strange stars being involved, we find that both EOSs pro-
vide values of disk masses that are comparable to those
of BNS mergers.

FIG. 12. Time evolution of the remnant mass with hybrid
(red) and finite temperature EOS (blue).

The disk mass of the hybrid model starts to increase af-
ter the merger and tends to saturate after about 20 ms.
For the finite-T model the disk mass peaks at a value
comparable to that of the hybrid simulation, within the
intrinsic uncertainty due to finite resolution. Interest-
ingly, we also note a decay in the disk mass for the finite-
T model near the time of the formation of an apparent
horizon, i.e., tBH − tmerg ≥ 65.4 ms. As the collapse be-
gins, some material is accreted back from the disk into
the newborn black hole causing a reduction of Mdisk. Fi-
nally in Fig. 12 we provide an estimation of the mass of
the remnant. It is computed as:

Mremnant ≈ Mtot − (Moutflowed +Mdisk), (20)

where Mtot ≈ 2.72M⊙ is the total gravitational mass of
the binary.

At tmerg, the remnants formed from the coalescence of
both binaries have an initial mass that is only slightly
smaller than Mtot. Later on, both remnants lose some
mass that either feeds the surrounding disks or becomes
gravitatioanlly unbound from the system. As for disks
in Fig. 11, ∼ 15 ms after merger the masses stabilize,
and we find the remnant obtained in the binary evolved
with the full finite-T EOS is more massive (in the sense
of Eq. (20)). This is related to the fact that the ther-
mal pressure in the remnant gives in to the gravitational
attraction and the remnant collapses to a BH. On the
contrary, the “hybrid” remnant is not only less massive
but also exhibits stronger pressure (because of the stiffer
EOS in Fig. 2), eventually being able to support the
gravitational self-interaction and staying stable for the
whole simulation time-scale.
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D. Strangelets flux near the Earth

To estimate the strangelets flux near the Earth, we pro-
ceed as in Bauswein et al. [70] and Madsen et al. [72].
We conservatively assume that each strange-star merger
produces 10−2 M⊙ of ejecta. Note that in addition to
the dynamical ejecta, we can expect part of the disk to
become unbound. For simplicity, we work under the as-
sumption SQM is the lowest energy state for matter and
all neutron stars are in fact strange stars. However, we
remark that scenarios do exist in which strange quark-
matter stars and neutron stars both can coexist. Re-
cent estimates of the Galactic binary neutron-star merger
rates are give by Chruslinska et al. [131] (21+28

−14 Myr−1)

and Pol et al. [132] (42+30
−14 Myr−1, to within 90% CL).

These rates are consistent with the latest data release
from the LIGO-Virgo-KAGRA collaboration [133] that
estimates the binary neutron star density merger rate to
be 10 − 1700Gpc−3 yr−1, which would correspond to a
local (z ∼ 0) binary neutron star merger rate density
of 48Gpc−3 yr−1. For our estimate we assume a Galac-
tic merger rate of ∼ 40Myr−1, which yields a Galactic
strangelets production rate of Ṁ = 4 × 10−7 M⊙ yr−1.
This is at least one order of magnitude greater than
Bauswein et al. [70].

We assume that strangelets undergo the same solar
modulation mechanism described in [72] when approach-

ing the Earth. By using Ṁ from our binary strange star
simulations, we find their flux is:

F⊕ ≈ 8× 108 A−1.067 Z−0.6 Φ−0.6
500 Λ′ m−2 yr−1 sr−1 (21)

which is a factor ∼4000 larger than Madsen’s. In Eq. (21)
A is the baryon number of strangelets, Z the electri-
cal charge, Φ−0.6

500 = (Φ/500MeV) an electrostatic po-
tential that models the influence of the solar wind when
strangelets enter the inner parts of the Solar System. Fi-
nally Λ′ is defined as:

Λ′ =

(
βSN

0.005

)1.2 (
0.5 cm−3

n

)
×

(
1000 kpc3

V

)(
930MeV

m0c2

)
, (22)

where βSN is the speed of shocks at which strangelets
may be accelerated, n the average hydrogen number den-
sity in the interstellar medium, V the effective galactic
volume confining cosmic rays and Am0 the rest mass of
the strangelet. We assume Φ−0.6

500 = 1 and Λ′ = 1 as in
[72], but in principle different models that describe the
dynamics of the strangelets travelling through the Uni-
verse may provide different values. Furthermore we have
to specify Z(A). We again follow Madsen who argued
that Z ∝ A if A ≪ 700 and Z ∝ A1/3 if A ≫ 700 for
ordinary strangelets; whereas Z ∝ A2/3 for color-flavour

locked ones. We therefore obtain:

F ord
⊕ ≈

{
2.7× 109A−1.67 m−2 yr−1 sr−1 if A ≪ 700

3.7× 108A−1.27 m−2 yr−1 sr−1 if A ≫ 700

(23)
and:

FCFL
⊕ ≈ 2× 109A−1.47 m−2 yr−1 sr−1 . (24)

To compute the strangelets flux we use Eq. (24), so we
do not need to discriminate between small or large baryon
number. Moreover F ord

⊕ and FCFL
⊕ are of the same order

of magnitude for all A. Hence the quantitative differences
are small enough to be negligible for our estimations.
Note that in Madsen’s model the dependence of the flux
on A is relatively smooth. An older proposal, not con-
sidered here, comes from Wilk et al. [134, 135] who pre-
dicted F ∝ A−7.5. As we mentioned at the beginning of
Sec. IVC, further investigations about strangelets emit-
ted from strange star collisions are needed to establish
the proper model.
Upper limits on the flux of strangelets near Earth have

been reported by a number of experiments. The SLIM
detector [136, 137] has been searching for strangelets in
cosmic rays with A ≳ 200 − 600 depending on the A/Z
model. Since Madsen [138] pointed out that the average
baryon number for strangelets could be in the range of
102−104, we assume a fiducial interval of A in 400−10000
which would correspond to a flux of 3 × 103 − 3 ×
105 m−2 yr−1 sr−1 using our estimate of the ejecta mass
from strange-star mergers. This flux would be larger than
SLIM constraints. Similarly, the PAMELA collaboration
[139] put the most recent constraints on the flux in the
interval3 1 ≤ Z ≤ 8. By selecting 90 ≲ A ≲ 250 we are
within PAMELA range (4 ≤ Z ≤ 8) and we obtain a flux
of 6×105−3×106 m−2 yr−1 sr−1 which is again in tension
with the experimental upper limits. It is worth mention-
ing that previous satellite-based experiments [140–143]
and balloon-borne detectors [67–69] also constrain the
flux to values smaller than ours; whereas some terrestrial
searches [144–147] put less strict constraints. Finally,
we stress that these comparisons rely on the several as-
sumptions about the properties and propagation of the
strangelets that we discussed. For example, our results
can be reconciled with the SLIM and the PAMELA up-
per limits if the average baryon number of the strangelets
is significantly larger than 103.

V. CONCLUSIONS

In this work we performed fully general relativistic
simulations of binary strange star mergers by adopting
both a cold EOS supplemented by a Γ-law and a full,

3 Most of the strangelets candidates have small electrical charge.
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finite temperature EOS. In particular, we simulated bare
strange stars, composed of strange quark matter up to
the surface. We stress our finite-T model is consistent
with constraints from QCD. To describe the equilibrium
behavior of the degrees of freedom (u, d, s quarks and
electrons) inside a strange star, we have employed an
extended version of the MIT Bag model [80, 81] which
describes the degeneracy pressure of the fermionic species
as a non-interacting Fermi gas supplemented by phe-
nomenological descriptions of gluon mediated interac-
tions and non-perturbative aspects of QCD. Our model
satisfies the Bodmer-Witten hypothesis [32, 33] in that
the energy per nucleon is less than that of the most bound
56Fe nuclei. Non-rotating TOV sequences of strange stars
constructed from this model are self-bound and can have
a very small size R ∼ 4 km.

We consider two spatial resolutions for each EOS
model: Table I summarizes our simulation dataset along
with the main physical quantities that we compute to
characterize the coalescences.

The dynamics of the merger is qualitatively similar to
that found in BNSs. Starting from an initial separation
of 50 km (at which we compute the initial data), the
strange stars make few orbits around each other before
merging. In the postmerger phase, we observe a different
fate for the remnant, which collapses in all our simula-
tions but the hybrid model at standard resolution. We
find the remnants formed with the finite-T EOS are rel-
atively more compact and more prone to gravitational
collapse to a black hole as compared to remnants evolved
with a hybrid EOS. This is attributed to a loss of pres-
sure at high densities in the finite-T EOS when compared
to a hybrid EOS.

The postmerger GW signals depict pronounced ampli-
tude modulations as a result of the coupling between the
fundamental pulsation mode and the characteristic rota-
tional frequency of the remnant. Both models provide
one main frequency peak in the power spectral density
within the range [2-4] kHz. In particular, the finite-T
EOS has as a higher postmerger peak frequency (2.682
kHz), when compared to the hybrid model (2.576 kHz).
This is due to the fact that the finite-T EOS is softer. We
also find that it will be difficult to distinguish mergers
of strange stars from those of NSs using the postmerger
peak frequency, since both appear to satisfy the same
quasi-universal relations with the inspiral tidal coupling
constant.

The study of ejecta reveals some interesting features.
We first investigate dynamical ejecta that possesses
enough energy to become gravitationally unbound from
the remnant. They are larger for the finite-T model
(reaching∼ 0.025M⊙ at∼ 60 ms postmerger) as a conse-
quence the intense pulsations in the central density of the
remnant. Interestingly, the dynamical mass ejection for
the finite-T model exceeds that of expected for NS merg-
ers with the same binary masses. On the other hand, the
ejecta for the hybrid EOS is smaller (∼ 0.005 M⊙), high-
lighting the importance of thermal effects and shocks in

the mass ejection. In contrast, the disk masses from our
models are comparable and, in both cases, saturate at
∼ 0.08 M⊙ after ∼ 20 ms postmerger. Such an amount
is similar to the typical one of a comparable BNS mergers
(≳ 10−2 for symmetric binaries). However, the relative
difference between gravitationally bound mass and dy-
namical ejecta is smaller in binary strange star merger.
We indeed find that, in our simulations, disk masses and
dynamical ejecta are of the same order, whereas the for-
mer is larger than at least one order of magnitude in a
comparable BNS merger. We also provide a rough esti-
mation of Mremnant , finding the remnant is more massive
with the finite-T EOS. The combination of a more mas-
sive remnant and a softer EOS providing less thermal
pressure causes the eventual collapse to black hole for
that model.
We obtain revised estimates for the flux of strangelets

near Earth from strange-star mergers. We used the ap-
proach of Bauswein et al. [70] and Madsen [72], but with
updated merger rates and using our simulation results.
We find a galactic production rate of strangelets to be
Ṁ ∼ 4 × 10−7 M⊙ yr−1, an order of magnitude larger
than the estimate of Bauswein et al. [70] and three or-
ders of magnitude larger than the estimate from Mad-
sen [72]. The corresponding flux of strangelets at Earth
is in the range of 3× 103− 3× 106 m−2 yr−1 sr−1, assum-
ing the average baryon number for strangelets to be in
the range of 102 − 104. This is in tension with current
experimental constraints, e.g., [139] for small A and [137]
for larger baryon numbers. Our results thus disfavor the
Bodmer-Witten hypothesis. However, it is important to
emphasize that our estimates are highly dependent on the
assumed strangelet properties (such as A and Z), which
need to be studied in more detail.
Finally, we mention some limitations of our work that

we leave for further investigations. It would be interest-
ing to simulate a larger number of symmetric and asym-
metric strange star binaries to verify how the total mass
and/or the mass ratio may affect the dynamics of the
merger. Even though it is a reasonable first approxima-
tion to neglect weak interactions, the inclusion of such
processes would provide a more accurate description of
the thermodynamics of strange stars during their merg-
ers. This is expected to be important, given the promi-
nent role of shocks in the ejection of strangelets in our
simulations. Finally, our simulations neglected neutrinos
and we did not model the thermodynamic properties of
the diluted gas of strangelets that might constitute the
ejecta from such systems. Improving upon these aspects
of our simulations will be the object of our future work.
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Appendix A: Tests of single, non-rotating strange
stars

Before simulating the evolution of binary systems, we
performed several GRHD tests on bare, isolated, non-
spinning strange stars. We report our main outcomes
that served us to examine the stability of strange stars
with our SQM EOS. While in an ordinary neutron star
the rest-mass density decreases with pressure and gradu-
ally vanishes moving toward the external layers, in a bare
strange star ρ is still very large (∼ 2−3 ρnucl) at the sur-
face. The presence of a hadronic crust would smooth the
density profile. However, if a crust is not formed, then
a sharp discontinuity separates the interior of the bare
strange star from the atmosphere. This discontinuity is
not easy to handle numerically.

FIG. 13. Central baryonic number density for an isolated,
non-rotating strange star with different values of ρ0. It is nor-
malized to the nuclear saturation density nnucl = 0.16 fm−3.
The initial value ρ0 ∼ 3× 1014 g/cm3 gives rise to serious os-
cillations which tend nicely to disappear as ρ0 gets smaller.

For the TOV tests, we adopted the T=0 slice of the
strange star EOS with a Γ-law to account for temper-
ature evolution. Moreover we work within the Cowling
approximation, i.e., the spacetime is fixed and unaffected
by the hydrodynamics of the star.

We briefly report the most significant results. In Fig.
13 the central baryonic density of a single strange star
is shown for different values of ρ0, a cut-off parameter

that the code might need to distinguish between the sur-
face and the inside of the star. We find the oscillations
in the density becomes less and less pronounced as ρ0 is
decreased. Eventually, when ρ0 vanishes, we obtain the
most stable configuration. This behavior is also stressed
in Fig. 14 where we show some characteristic equato-
rial slices of the energy density e (upper panel) and the
pressure p (lower panel) at ρ0 = 0. Even though the
sequences are not so long (few ms, but the behavior is
the same for longer runs), the stellar profile is very well-
defined with no significant spurious emission of material
(which instead occur with larger ρ0). Rather, a thin layer
of atmosphere surrounds the bare strange star.
In the further investigations we tested the effect of the

implementation of the positive preserving limiter (some-
times referred as pplim) which allows for lower dissipation
of mass ([99]) at the cost of a slightly more widespread
atmosphere. We considered both a single strange star
and a binary.

The most important difference of taking into account
the positivity preserving limiter or not is reported in
Fig. 15. It shows the normalized conserved density
D(t)/D(t = 0). The quantity D = ρW (W is the rel-
ativistic Lorentz factor) is directly evolved and should in
principle be constant. Numerical fluctuations may cause
some loss of mass, but we observe that the inclusion of the
positivity preserving limiter helps to conserve the rest-
mass as it is demonstrated in Fig. 15.

We finally show in Fig. 16 a couple of frames, one for
e and the other one for p, where the positivity preserv-
ing limiter has been included. If implemented, slightly
more material is spread out in the atmosphere. However
such an effect manifests only at very small scales. This
allows us to employ the positivity preserving limiter in
simulations of strange star mergers.
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FIG. 14. 2D representative frames of the time evolution across xy plane of energy density (upper panel) and pressure (lower
panel) for an isolated, non-rotating strange star with no ρ0. The stellar profile is very well-defined throughout the simulation
time scale with a very thin layer of atmosphere at low e/p.

FIG. 15. Normalized conserved density D(t)/D(t = 0) for an isolated strange star (left) and a binary system made of two
strange stars (right) with and without the positivity preserving limiter. Numerical fluctuations are smaller (or even absent) if
the positivity preserving limiter is implemented.



16

FIG. 16. 2D frames of energy density (top) and pressure
(bottom) for bare, isolated, non-rotating strange star with
ρ0 = 0 when the positivity preserving limiter is implemented.
Little material is spread out around the star, but the effect is
negligible.
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D 87, 103007 (2013), arXiv:1304.6884 [astro-ph.HE].
[55] Z. Berezhiani, I. Bombaci, A. Drago, F. Frontera,

and A. Lavagno, Astrophys. J. 586, 1250 (2003),
arXiv:astro-ph/0209257.

[56] I. Bombaci, I. Parenti, and I. Vidana, Astrophys. J.
614, 314 (2004), arXiv:astro-ph/0402404.

[57] A. Drago, A. Lavagno, and G. Pagliara, Phys. Rev. D
69, 057505 (2004), arXiv:nucl-th/0401052.

[58] I. Bombaci and B. Datta, Astrophys. J. Lett. 530, L69
(2000), arXiv:astro-ph/0001478.

[59] G. Wiktorowicz, A. Drago, G. Pagliara, and S. B.
Popov, Astrophys. J. 846, 163 (2017), arXiv:1707.01586
[astro-ph.HE].

[60] S. Bhattacharyya, I. Bombaci, D. Logoteta, and A. V.
Thampan, Mon. Not. Roy. Astron. Soc. 457, 3101
(2016), arXiv:1601.06120 [astro-ph.HE].

[61] S. Banerjee, S. K. Ghosh, S. Raha, and D. Syam, Phys.
Rev. Lett. 85, 1384 (2000), arXiv:hep-ph/0006286.

[62] J. Sandweiss, J. Phys. G 30, S51 (2004).
[63] M. S. Berger and R. L. Jaffe, Phys. Rev. C 35, 213

(1987).
[64] G. Appelquist et al. (NA52 (NEWMASS)), Phys. Rev.

Lett. 76, 3907 (1996).
[65] A. Rusek et al. (E886), Phys. Rev. C 54, R15 (1996).
[66] J. Madsen and J. M. Larsen, Phys. Rev. Lett. 90,

121102 (2003), arXiv:astro-ph/0211597.
[67] P. B. Price, E. K. Shirk, W. Z. Osborne, and L. S.

Pinsky, Phys. Rev. D 18, 1382 (1978).
[68] M. Ichimura et al., Nuovo Cim. A 106, 843 (1993).
[69] T. Saito, Y. Hatano, Y. Fukada, and H. Oda, Phys.

Rev. Lett. 65, 2094 (1990).
[70] A. Bauswein, H. T. Janka, R. Oechslin, G. Pagliara,

I. Sagert, J. Schaffner-Bielich, M. M. Hohle, and
R. Neuhauser, Phys. Rev. Lett. 103, 011101 (2009),
arXiv:0812.4248 [astro-ph].

[71] K. Belczynski, D. H. Hartmann, C. L. Fryer, D. E.
Holz, and B. O’Shea, Astrophys. J. 708, 117 (2010),
arXiv:0812.2470 [astro-ph].

[72] J. Madsen, Phys. Rev. D 71, 014026 (2005), arXiv:astro-
ph/0411538.

[73] V. Kalogera et al., Astrophys. J. Lett. 601, L179 (2004),
[Erratum: Astrophys.J.Lett. 614, L137 (2004), Er-
ratum: Astrophys.J. 614, L137 (2004)], arXiv:astro-
ph/0312101.

[74] D. Radice, S. Bernuzzi, and A. Perego, Ann. Rev.
Nucl. Part. Sci. 70, 95 (2020), arXiv:2002.03863 [astro-
ph.HE].

[75] S. Bernuzzi et al., Mon. Not. Roy. Astron. Soc. 497,
1488 (2020), arXiv:2003.06015 [astro-ph.HE].

[76] L. Baiotti and L. Rezzolla, Rept. Prog. Phys. 80, 096901
(2017), arXiv:1607.03540 [gr-qc].

[77] Z. Zhu and L. Rezzolla, “Fully general-relativistic sim-
ulations of isolated and binary strange quark stars,”
(2021), arXiv:2102.07721 [astro-ph.HE].

[78] E. Zhou, K. Kiuchi, M. Shibata, A. Tsokaros,
and K. Uryu, Phys. Rev. D 106, 103030 (2022),
arXiv:2111.00958 [astro-ph.HE].

[79] A. Bauswein, R. Oechslin, and H. T. Janka, Phys. Rev.
D 81, 024012 (2010), arXiv:0910.5169 [astro-ph.SR].

[80] S. Weissenborn, I. Sagert, G. Pagliara, M. Hempel,
and J. Schaffner-Bielich, Astrophys. J. Lett. 740, L14
(2011), arXiv:1102.2869 [astro-ph.HE].

[81] S. Bhattacharyya, I. Bombaci, D. Logoteta, and
A. V. Thampan, Astrophys. J. 848, 65 (2017),
arXiv:1709.02415 [astro-ph.HE].

[82] E. S. Fraga, R. D. Pisarski, and J. Schaffner-Bielich,
Phys. Rev. D 63, 121702 (2001), arXiv:hep-ph/0101143
[hep-ph].

[83] M. Alford, M. Braby, M. Paris, and S. Reddy, Astro-
phys. J. 629, 969 (2005), arXiv:nucl-th/0411016 [nucl-
th].

[84] S. Weissenborn, I. Sagert, G. Pagliara, M. Hempel, and
J. Schaffner-Bielich, “Quark Matter in Massive Com-
pact Stars,” (2011), arXiv:1102.2869 [astro-ph.HE].

[85] S. L. Shapiro and S. A. Teukolsky, Black Holes, White
Dwarfs and Neutron Stars: The Physics of Compact Ob-
jects (1986).

[86] A. L. Fetter and J. D. Walecka, Quantum Theory of
Many-Particle Systems (McGraw-Hill, Boston, 1971).

[87] P. Hammond, I. Hawke, and N. Andersson, Phys. Rev.
D 107, 043023 (2023), arXiv:2205.11377 [astro-ph.HE].

[88] E. Gourgoulhon, P. Grandclement, K. Taniguchi, J.-A.
Marck, and S. Bonazzola, Phys. Rev. D 63, 064029
(2001), arXiv:gr-qc/0007028.

[89] D. Radice and L. Rezzolla, Astron. Astrophys. 547, A26
(2012), arXiv:1206.6502 [astro-ph.IM].

[90] D. Radice, L. Rezzolla, and F. Galeazzi, Mon. Not. Roy.
Astron. Soc. 437, L46 (2014), arXiv:1306.6052 [gr-qc].

[91] D. Hilditch, S. Bernuzzi, M. Thierfelder, Z. Cao,
W. Tichy, and B. Bruegmann, Phys. Rev. D 88, 084057
(2013), arXiv:1212.2901 [gr-qc].

[92] S. Bernuzzi and D. Hilditch, Phys. Rev. D 81, 084003
(2010), arXiv:0912.2920 [gr-qc].

[93] D. Pollney, C. Reisswig, E. Schnetter, N. Dorband,

https://doi.org/10.1038/s41550-022-01800-1
https://doi.org/10.1038/s41550-022-01800-1
http://arxiv.org/abs/2211.07485
https://doi.org/ 10.1051/0004-6361/202345885
https://doi.org/ 10.1051/0004-6361/202345885
http://arxiv.org/abs/2303.10264
https://doi.org/10.1103/PhysRevLett.63.716
https://doi.org/10.1103/PhysRevLett.63.716
https://doi.org/ 10.1088/0067-0049/194/2/39
http://arxiv.org/abs/1011.3409
http://arxiv.org/abs/1011.3409
https://doi.org/10.1103/PhysRevD.81.123012
http://arxiv.org/abs/0910.3927
https://doi.org/ 10.1016/j.physletb.2009.09.039
http://arxiv.org/abs/0910.4109
https://doi.org/10.1051/0004-6361/201015783
http://arxiv.org/abs/1102.1665
http://arxiv.org/abs/1102.1665
https://doi.org/10.1140/epja/i2016-16053-x
http://arxiv.org/abs/1508.05548
https://doi.org/10.1103/PhysRevD.30.2379
https://doi.org/10.1016/0370-2693(87)91144-0
https://doi.org/ 10.1103/PhysRevD.106.103032
https://doi.org/10.1103/PhysRevD.84.083002
https://doi.org/10.1103/PhysRevD.84.083002
http://arxiv.org/abs/1109.0539
https://doi.org/10.1103/PhysRevD.87.103007
https://doi.org/10.1103/PhysRevD.87.103007
http://arxiv.org/abs/1304.6884
https://doi.org/ 10.1086/367756
http://arxiv.org/abs/astro-ph/0209257
https://doi.org/10.1086/423658
https://doi.org/10.1086/423658
http://arxiv.org/abs/astro-ph/0402404
https://doi.org/10.1103/PhysRevD.69.057505
https://doi.org/10.1103/PhysRevD.69.057505
http://arxiv.org/abs/nucl-th/0401052
https://doi.org/10.1086/312497
https://doi.org/10.1086/312497
http://arxiv.org/abs/astro-ph/0001478
https://doi.org/10.3847/1538-4357/aa8629
http://arxiv.org/abs/1707.01586
http://arxiv.org/abs/1707.01586
https://doi.org/10.1093/mnras/stw206
https://doi.org/10.1093/mnras/stw206
http://arxiv.org/abs/1601.06120
https://doi.org/ 10.1103/PhysRevLett.85.1384
https://doi.org/ 10.1103/PhysRevLett.85.1384
http://arxiv.org/abs/hep-ph/0006286
https://doi.org/10.1088/0954-3899/30/1/004
https://doi.org/10.1103/PhysRevC.35.213
https://doi.org/10.1103/PhysRevC.35.213
https://doi.org/10.1103/PhysRevLett.76.3907
https://doi.org/10.1103/PhysRevLett.76.3907
https://doi.org/ 10.1103/PhysRevC.54.R15
https://doi.org/10.1103/PhysRevLett.90.121102
https://doi.org/10.1103/PhysRevLett.90.121102
http://arxiv.org/abs/astro-ph/0211597
https://doi.org/10.1103/PhysRevD.18.1382
https://doi.org/10.1007/BF02771498
https://doi.org/ 10.1103/PhysRevLett.65.2094
https://doi.org/ 10.1103/PhysRevLett.65.2094
https://doi.org/ 10.1103/PhysRevLett.103.011101
http://arxiv.org/abs/0812.4248
https://doi.org/10.1088/0004-637X/708/1/117
http://arxiv.org/abs/0812.2470
https://doi.org/10.1103/PhysRevD.71.014026
http://arxiv.org/abs/astro-ph/0411538
http://arxiv.org/abs/astro-ph/0411538
https://doi.org/10.1086/425868
http://arxiv.org/abs/astro-ph/0312101
http://arxiv.org/abs/astro-ph/0312101
https://doi.org/10.1146/annurev-nucl-013120-114541
https://doi.org/10.1146/annurev-nucl-013120-114541
http://arxiv.org/abs/2002.03863
http://arxiv.org/abs/2002.03863
https://doi.org/10.1093/mnras/staa1860
https://doi.org/10.1093/mnras/staa1860
http://arxiv.org/abs/2003.06015
https://doi.org/10.1088/1361-6633/aa67bb
https://doi.org/10.1088/1361-6633/aa67bb
http://arxiv.org/abs/1607.03540
http://arxiv.org/abs/2102.07721
https://doi.org/ 10.1103/PhysRevD.106.103030
http://arxiv.org/abs/2111.00958
https://doi.org/10.1103/PhysRevD.81.024012
https://doi.org/10.1103/PhysRevD.81.024012
http://arxiv.org/abs/0910.5169
https://doi.org/ 10.1088/2041-8205/740/1/L14
https://doi.org/ 10.1088/2041-8205/740/1/L14
http://arxiv.org/abs/1102.2869
https://doi.org/10.3847/1538-4357/aa8b67
http://arxiv.org/abs/1709.02415
https://doi.org/10.1103/PhysRevD.63.121702
http://arxiv.org/abs/hep-ph/0101143
http://arxiv.org/abs/hep-ph/0101143
https://doi.org/10.1086/430902
https://doi.org/10.1086/430902
http://arxiv.org/abs/nucl-th/0411016
http://arxiv.org/abs/nucl-th/0411016
https://doi.org/10.1088/2041-8205/740/1/L14
https://doi.org/10.1088/2041-8205/740/1/L14
http://arxiv.org/abs/1102.2869
https://doi.org/10.1103/PhysRevD.107.043023
https://doi.org/10.1103/PhysRevD.107.043023
http://arxiv.org/abs/2205.11377
https://doi.org/10.1103/PhysRevD.63.064029
https://doi.org/10.1103/PhysRevD.63.064029
http://arxiv.org/abs/gr-qc/0007028
https://doi.org/10.1051/0004-6361/201219735
https://doi.org/10.1051/0004-6361/201219735
http://arxiv.org/abs/1206.6502
https://doi.org/10.1093/mnrasl/slt137
https://doi.org/10.1093/mnrasl/slt137
http://arxiv.org/abs/1306.6052
https://doi.org/ 10.1103/PhysRevD.88.084057
https://doi.org/ 10.1103/PhysRevD.88.084057
http://arxiv.org/abs/1212.2901
https://doi.org/10.1103/PhysRevD.81.084003
https://doi.org/10.1103/PhysRevD.81.084003
http://arxiv.org/abs/0912.2920


19

and P. Diener, Phys. Rev. D 83, 044045 (2011),
arXiv:0910.3803 [gr-qc].

[94] C. Reisswig, C. D. Ott, E. Abdikamalov, R. Haas,
P. Moesta, and E. Schnetter, Phys. Rev. Lett. 111,
151101 (2013), arXiv:1304.7787 [astro-ph.CO].

[95] L. Werneck, S. Cupp, T. Assumpção, S. R. Brandt, C.-
H. Cheng, P. Diener, J. Doherty, Z. Etienne, R. Haas,
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