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We study the partial fragmentation of a strange quark star into strangelets during the process of
merger of two strange quark stars. We discuss the fate of the fragments considering their possible
evaporation into nucleons. We show that only a rather small amount of large size strangelets, ejected
from the spiral arms in the post-merger, survives a total evaporation into nucleons. In this way we
demonstrate that: 1) the density of strangelets in the galaxy is too low to trigger the conversion of
all neutron stars into strange quark stars and it allows the co-existence of both types of compact
objects; 2) the probability of direct detection of a strangelet is negligible and therefore its non-
detection is compatible with the strange quark matter hypothesis; 3) most of the matter ejected
during and after the merger of two strange quark stars evaporates into nucleons and therefore it can

generate a kilonova-like signal.

I. INTRODUCTION

One of the oldest and most relevant criticisms of the
existence of Strange Quark Stars [1l 2] (QSs), i.e. self-
bound objects made of absolutely stable strange quark
matter, is that if QSs exist then neutron stars (NSs)
would not exist. The density of strangelets, i.e. of frag-
ments of strange quark matter produced e.g. in a merger
of two QSs, would be large enough that at least one frag-
ment would be captured by every NS (or by their progeni-
tors) forcing the entire star to deconfine and to transform
into a QS [3]. Another quite obvious objection concerns
the absence of strangelets detected in experiments: if
Witten’s hypothesis [I] is correct, one would expect not
only that QSs can exist, but also that strangelets can be
stable and with a mass significantly smaller than that
of a star as a result of the self-binding of strange quark
matter. Finally, the kilonova signal AT2017gfo [4H6] may
be in tension with the existence of QSs. The signal was
generated by the formation and decay of heavy nuclei
produced from a gas of nucleons ejected from the exter-
nal layer of the merging stars. This either implies neces-
sarily the existence of NSs or it requires a mechanism to
reconvert strange matter to nuclear matter, which could
then produce the observed signal. Instead, if QSs cannot
co-exist with NSs and if nucleons cannot be abundantly
produced in mergers involving QSs, then Witten’s hy-
pothesis has to be excluded.

While strangelets can rather easily be produced by QS

mergers, their fate is unclear, since they can evaporate
if the temperature is sufficiently high. The possibility of
strangelet evaporation has been studied in a cosmological
context in [7, 8], where it was shown that only lumps
with a large baryon number can survive. Here, we will
adopt the formalism developed in [7] and we will take
into account the criticisms of [§] but we will consider a
different scenario, i.e. the production of strangelets at the
moment of the merger of two compact stars (cf. [9HIT]).
Traditionally, this problem has been associated with the
merger of two QSs [9], [12] [13] [53], but in the last years
it has been suggested that QSs and NSs can coexist [14-
[I7]. In this regard we emphasize that tidal deformability
constraints as well as the potential merger outcome are
compatible with GW170817 being a QS-QS or QS-NS
merger [18H20].

In this paper, by using the theory of fragmentation
and results of merger simulations, we show that only very
massive fragments of quark matter can survive evapora-
tion. Therefore, their density in the galaxy is low enough
to allow the co-existence of NSs with QSs. This same
argument also clarifies why strangelets have never been
detected in experiments. Finally, we show that most of
the quark matter constituting strangelets evaporates into
nucleons and that this process takes place close to the
central region of the merger. Therefore, the evolution of
the evaporated material should be similar to that of the
nucleonic material ejected during the merger of two NSs
and thus it can generate a kilonova-like signal.



II. EJECTION OF QUARK MATTER

QSs can in principle eject significant amounts of mat-
ter during the merger with another QS or with a NS.
In NS-NS mergers matter is ejected dynamically from
the collision interface and by tidal disruption, and on
secular time scales from the disk surrounding the cen-
tral remnant, e.g. [2IH24]. There exists only a limited
number of hydrodynamical simulations of QS-QS merg-
ers [12] 13] 25, 26]. Here we use the results of the simula-
tions of Refs. [I2, [13], concentrating on the trajectories
of fluid elements which are ejected from the merger site.
In particular, we refer to the simulation having a bag con-
stant B = 60MeV /fm® for which the equilibrium density
(at which the pressure vanishes) is peq ~ 4.5 10Mg/cm®.
In Fig[l] we display an example of trajectory of a particle
ejected: its density, its temperature and the change in its
scalar velocity are shown as a function of time.

No simulations were available for NS-QS mergers, and
here we briefly discuss the first calculations for these sys-
tems. A short summary of the simulations of a NS-QS
merger is provided in Appendix A. The main results are:

e In QS-QS mergers matter coming mainly from the
collision interface moves towards the exterior region
of the remnant; from this area thin spiral arms form
and strange matter is ejected from the tips of those
rapidly rotating arms (Fig. 4 of [13]).

e For NS-QS mergers, almost all the ejected matter
originates from the NS with no significant amount
of unbound quark matter until the end of the sim-
ulations. This is because the QS is strongly bound
and disrupts the NS during the collision. The nu-
clear material is wrapped around the QS prevent-
ing the ejection of strongly bound quark matter.
In any case, even if some unbound quark matter
was produced, the thermodynamical conditions of
the ejected quark matter would be very similar to
those in QS-QS mergers.

No simulations of the secular evolution of QS-QS or
QS-NS merger remnants exist, but we expect that no
quark matter is ejected from those systems beyond dy-
namical time scales. Macroscopic chunks of self-bound
quark matter orbiting the central remnant (Fig. 4 of [13])
behave approximately like test-particles in contrast to the
hydrodynamical evolution and viscous secular processes
in tori of NS-NS mergers. Hence it appears very un-
likely that secular processes could unbind fragments of
quark matter. Evaporation from gravitationally bound
quark matter fragments may be possible but does not
contribute to the strangelet production.

III. FRAGMENTATION OF QUARK MATTER

Here and in the the following we will concentrate on
the QS-QS case. In that type of mergers, as shown in
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FIG. 1: Example of the trajectory of an ejected particle.
Density (in M?), temperature (in MeV) and changes in
the scalar velocity (in units of c¢) tested on a time-scale of
0.0788 ms.

Ref.[I3], matter is ejected by the fragmentation of the spi-
ral arms, like water drops ejected from a rotating sprin-
kler or droplets foaming from ocean waves. The final size
of the fragments (before evaporation) depends on the ini-
tial fragmentation of bulk quark matter and the effect of
rescattering. The initial size of these fragments is regu-
lated by turbulence [27H30]: forces acting on large scales
(e.g. tidal forces), as well as large scale perturbations
like spiral arms, can drive turbulence, which cascades to
smaller scales causing turbulent fragmentation.

The Kolmogorov scale is defined in terms of quark mat-
ter shear viscosity p [31], density p, and energy dissipa-
tion rate €, as Ix = (u®/p*€)'/%. Above Ik the turbulent
energy dissipation rate is constant (inertial range), while
at Ik the turbulent cascade enters the visco-dissipative
regime. Using smoothed particles hydrodynamics simu-
lations [12] [13], we estimate a turbulent velocity on the
scale R (of the order of the size of the particles of the
simulations), v(R) ~ (0.01 — 0.03)¢, see the red-line of
Fig[ll The energy dissipation rate in the inertial range
is estimated as € ~ v(R)3/R [32, 33]. Fragmentation
proceeds down to smaller scales until either one reaches
the dissipation scale or the surface tension limit. The
relative importance of surface tension is parametrized
by the size-dependent Weber number, defined as the ra-
tio between turbulent kinetic energy and surface tension,
We(d) = (p/o)v(d)?d, where o is the surface tension and
v(d) the turbulent velocity at the scale d. Surface ten-
sion halts turbulent fragmentation when We(d) ~ O(1).
In particular, experimental results suggest that fragmen-
tation happens only if We(d) 2 4 (see e.g. [34] and ref-
erences therein), and this allows for the definition of a
minimum size of droplets, called Hinze scale [ .
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FIG. 2: Distribution of the changes in the scalar velocity of
the particles (about 1 km size) in units of ¢

For matter ejected from the spiral arms in the QS-QS
merger we set ¢ ~ 10MeV/fm? and we adopt for the
viscosity the equation:

4 17 %108 0.1\"? 14/9.—5/3 1
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where p15 = p/10%gem™3 and Ty = T/(10°K) [35].
With ay = 0.1, p = 5 x 10 g cm™ and T = 10K
one finds that Ig ~ 3 x 107%cm and Iy ~ 5 x 10 %cm,
showing that turbulent fragmentation is actually limited
by surface tension and that the smallest droplets corre-
sponds to a minimum baryon number Az =~ 102,
These droplets will rescatter many times immediately
after the ejection (their mean free path in the region
close to the merger is ~ 1072 cm assuming a spherical
shell of radius 10 km and width 1 km) and they will
undergo further fragmentation, now due to collisional
interactions. Collisional fragmentation will proceed by
producing smaller sized fragments, until either the sur-
face tension limit is reached (which can again be defined
through the Weber number We(d) 2 O(1), taking now
the scale d as the droplet size and the velocity v(d) as the
typical impact speed), or the viscosity limit is reached, at
which viscous dissipation suppresses fragmentation. The
relative importance of viscosity with respect to surface
tension is given by the size dependent Ohnesorge num-
ber, Oh(d) = p/(pod)*/?: Oh(d) =~ 1 sets the boundary
between viscous limited and tension limited fragmetation
(see e.g. Fig. 1 of [36] and [30]). As we will show, most of
the ejected material passes through a violent shock and
reaches temperatures larger than about 15 MeV. Under
those conditions viscosity plays a marginal role and frag-
mentation is actually limited again by surface tension.
In order to understand the fate of the material ejected
during and after the merger we have analyzed the tra-

jectories of the particles using the results of the simu-
lations described in [12, 13]. All the ejected particles
display a violent shock at the moment of the first con-
tact between the two QSs, signalled by the large and
rapid change of the scalar velocity, see Fig[2] where we
show the distribution of the changes in the velocity [54].
At the same time, the temperature increases whereas, in
most cases, the density decreases immediately after the
shock, indicating that the material is decompressed (see
the example displayed in Fig. This suggests that vio-
lent collisions among the particles occur, which generate
fragmentation into small pieces. During this period den-
sities below the equilibrium one (at which the pressure
vanishes) are reached and this is the optimal condition
for the system to fragment.

Clearly, in a hydrodynamical simulation it is impossi-
ble to explore the regime of the spinodal instability which
takes place at much lower densities and at which sponta-
neous fragmentation would start, but we can investigate
which are the minimum densities reached during the evo-
lution of each of the particles and when those densities
have been reached. We display the results in Figs. [3|and
we can notice that the minimum densities of most of the
particles are significantly lower than p., and that they are
reached soon after the first collision (which takes place at
about 2.5 ms). Interestingly, we can notice the hint of a
periodicity, with a period of about 1 ms, suggesting that
during the first milliseconds of the evolution the system
oscillates and that during those oscillations low densities
are reached. Also, these first milliseconds after the first
touch of the QSs are exactly the moment during which
we have noticed the violent changes in the velocities dis-
played in Fig. 2| and we therefore assume that it is during
this period that fragmentation takes place.

A. Simulation of scattering

We have performed a MonteCarlo simulation sampling
the distribution of the collisional velocities discussed
above and displayed in Fig. The initial size of the
fragments was the same as the size of the particles, i.e.
about 1 km and it corresponds to Ajpiz ~ 1043. The esti-
mate of the distribution of the final size of the fragments
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FIG. 3: Left panel: distribution of the minimum densities
reached by the particles during their evolution. Right panel:
distribution of the times at which the minimum densities of
the left panel are reached.



was based on the following algorithm:
e generation of a new collisional velocity;

e scaling of the velocity down to the size of the frag-
ment undergoing the collision by using Kolmogorov
scaling;;

e evaluation of We at the new scale;

e breaking of the fragment into a number of pieces
that is assumed to be equal to We as long as
We > 4. This procedure is a very simplified im-
plementation of the idea that the number of frag-
ments increases with We [37]. In reality, the num-
ber of fragments forming in each collision depends
also on the impact parameter and ours is possibly
an overestimate of the number of fragments, but
in this way we can at least put some lower limit
to the minimum size of the fragments formed after
the re-scattering and before evaporation.

This procedure is iterated a few ten times, similar to the
number of large changes in the scalar velocity of each
particle observed in the simulation of the merger, and
it effectively halts because the last iterations produce
fragments so small that We < 4. The outcome of this
chain of scatterings are Ajnit/Afina fragments all having
baryon number Ag,,. We have simulated 10° chains of
collisions and we have obtained P(A), the distribution of
the size of the fragments displayed in Fig. |4l Notice that
the distribution is centered at about A ~ 10%* — 102°,
a number only slightly smaller than the one estimated
by using the turbulent velocities of a neutron star - neu-
tron star merger. The sharp lower limit of P(A) is regu-
lated by the maximum energy available for fragmenting
strangelets: a much larger energy would be needed to ob-
tain significantly smaller fragments. Notice that smaller
fragments produced by the re-scattering still have a size
larger or comparable with the g, justifying the usage of
Kolmogorov scaling in our simulation. With this proce-
dure not only we have estimated the average size of the
fragments, but we have also obtained a distribution law
of their sizes, and we will use that distribution in the
evaluation of the evaporation of the fragments. In order
to check the stability of our results with respect to the
assumptions made on the collisional velocities we have
repeated the simulation by arbitrarily assuming that the
velocities are larger by a factor of 2. In this way we obtain
a number of fragments that is roughly one order of magni-
tude larger, but still very far from causing problems from
the phenomenological viewpoint. It is very important to
notice that the evaporation of the fragments, partial or
total, can only reduce their number, which is therefore
limited by the number of fragments produced before the
evaporation which, in turns, depends on the energy avail-
able in the collisions. This simple but crucial argument
was not taken into account in previous analyses.
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FIG. 4: Number density of fragments before, P(A), and af-
ter evaporation, Q(A), as functions of Log;,A. Also shown
are the corresponding distributions of the baryonic mass of
the fragments. The normalization is chosen to be Aot =

[P dAAP(A) = 10°° (see text).

IV. EVAPORATION OF STRANGELETS

Following [7], the evaporation consists in the emission
of a baryon (usually a neutron) leaving a strangelet with
baryon number A—1. This kind of process is endothermic
and it requires an amount of energy equal at least to the
binding (or ionization) energy I. In the following we
concentrate on the range I ~ (50 — 70)MeV, since these
values correspond to the ones needed to stabilize QSs up
to about 2 Mg [38]. A first estimate of the evaporation
rate stems from the detailed balance principle applied to
the equilibrium situation in which evaporation and the
re-absorption rates are equal. The evaporation rate into
nucleons reads [7]:

A 1 I 2
B amae bt fooAl (@)
where m,, is the nucleon mass, T' is the temperature and
fn.p are absorption efficiencies (for neutrons and protons)

correcting the geometric cross section ooAé.

The simple evaporation rate of Eq. needs to be
modified by taking into account two physical processes:
the cooling of the strangelet due to evaporation and
the possible absorption of neutrons from the environ-
ment (i.e. one needs to compute the difference between
evaporation and absorption rates, characterizing and off-
equilibrium situation). The scenario we are considering
is different from the one discussed in [7], [8] where the fate
of strangelets produced during the cosmological baryo-
genesis was analyzed. In that situation the evolution of
the temperature depends on the expansion rate of the
Universe while in our case it is determined by the expan-
sion and the cooling of the ejected material as estimated
in the simulation of the merger. In the case of QS-QS
mergers the local density of nucleons is determined by
the evaporation process itself, as in the cosmological case.
Instead, when discussing evaporation in a NS-QS merger
one should also consider the density of nucleons already
present in the system.



Because of the evaporation, the temperature of the
strangelet T is always smaller than the environment tem-
perature Ty, but in order to have a significant evapora-
tion rate, T needs to remain comparable to I. The most
basic mechanism to re-heat the strangelet is based on
neutrinos: Ty is determined by an equilibrium condition
between the energy lost by the strangelet, both because
of the evaporation and of the neutrino emission, and the
energy provided to the strangelet by the neutrino absorp-
tion (see Egs. (15,22) of [7]):

][Tfp(Ts,Tu)—Tfp(Ts,Ts)] = %(I—FQTS) (3)

T2

4777"?[160

where ry is the radius of the strangelet and p(rs, T) is the
probability of interaction between the neutrino and the
strangelet. Here the net evaporation rate dA/dt is the
difference between the rates of evaporation and absorp-
tion:

N

dA mnT2 I Ts
= N (5)

i > Ts [(fn + fp)o0As (4)

Ts —
272 2mmy,
where N, is the nucleon density. By solving Eqs. (3li4))
one can estimate the time-scale of evaporation of a
strangelet of baryon number A as a function of the den-
sity and temperature of the environment.

We solve the previous equations in the case relevant
for QS-QS merger, i.e. a nucleon density generated only
by the evaporation of strangelets. This density, to be
included in Eq. in place of the environment density
N,,, can be calculated by imposing the mechanical equi-
librium between the components of the system, by con-
sidering the pressures due to electrons and photons and
the ones due to the ejected neutrons and protons [7]:
N,(T,) = 117%(T* — T2)/(360T,). Fig. [5| displays the
evaporation timescales as functions of the temperature
and of the baryon number. The white area indicates that
for T' S 5.6 MeV evaporation never takes place because
the re-absorption rate always overcomes the evaporation
rate. It is possible to demonstrate (see Appendix B)
that under the conditions discussed above the evapora-
tion time-scale:

T4 x LogA. (5)

As discussed in [8] the rapid evaporation of strangelets
into nucleons enhances the strangeness fraction (specially
close to the surface of the strangelet) and can make it
energetically not favorable to further proceed with the
evaporation unless weak reactions have the time to re-
equilibrate the system. This imposes an upper limit on
the evaporation rate. Following [3] [7] we incorporate this
constraint, also taking into account Pauli blocking and
temperature dependence: as estimated in [39] the weak
reaction rates are suppressed by 3-4 orders of magni-
tude with respect to the unquenched rate used in [7] and
the limit becomes: dA/dt S Kpp G% ,ug sin® 0, A, where
Kpp ~ 1072 —107* and ftq is the chemical potential of
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FIG. 5: Evaporation time-scale computed by assuming that
neutrino absorption is the only re-heating mechanism and
that the nucleon density is determined by the evaporated nu-
cleons. Solid lines and color shading refer to I = 50 MeV, the
dashed lines correspond to I = 70 MeV.

the s quarks. This limit on the evaporation time-scale de-
pends again only logarithmically on A and implies that
the evaporation cannot be completed in less than about
(1076—107?) s even for light fragments. Since in our sys-
tem the relevant time-scale is larger than at least 10~%s
(on a shorter time scale matter does not move signifi-
cantly), the limit stemming from the weak reaction rate
does not affect our results.

To discuss the at least partial evaporation of the frag-
ments we investigate the temperatures reached by the
ejected particles along their trajectories: most of the par-
ticles reach temperatures exceeding 10 MeV and a signif-
icant fraction of quark matter evaporates into nucleons.
We estimate the fraction of evaporated matter by using
Eq. and by comparing the time needed for that par-
tial evaporation with the time each of the particles spends
above a given temperature. In this way we obtain Q(A),
the distribution of fragment sizes after evaporation dis-
played in Fig. [d] See Appendix C for more details.

V. PHENOMENOLOGICAL IMPLICATIONS
AND CONCLUSIONS

We discuss now the phenomenological implications of
the existence of strangelets produced in QS-QS mergers.
If we normalize the total amount of matter ejected
during a merger before evaporation as [~ dA A P(A) =
Agot, then after evaporation we obtain floo dAAQ(A) ~



0.07 Ao, indicating that about 93% of the mass ejected
as strangelets evaporated into nucleons. This evapora-
tion takes place within at most 15 ms (the duration of
the simulation) and therefore this very neutron rich ma-
terial is similar to the one produced in NS-NS mergers
and can synthesize heavy nuclei, which generate a kilo-
nova.

Assuming that the number of Galactic QS-QS mergers
is ~ 10 per billion years [I7] and that each event ejects
~ 0.01Mg, the total number of ejected baryons is ~
A = 10 and the total number of strangelets in the
Galaxy is N& = [7°dAQ(A) = 3x 103, roughly half of
J;¥ dAP(A) because half of the strangelets evaporated
completely. We can now answer the question posed in [3]
if the flux of strangelets is large enough so that one of
them can be trapped into a star. The rate of impact of
strangelets having a baryon number between A; and A,
onto a star having mass M and radius R is [3]:

F = (1.39 x 10*°s71)(m,,/(10"2*g/cm?))
X (N (A1, 4) Vi) (M /M) (R/ Ro) vs

= (3.4 x 107375 V)N (Ay, A2)(M/Mp)(R/Re) vas
(6)

where m,, is the mass of the proton, wvysg is the ve-
locity of the strangelets divided by 250 km/s, Vea ~
7x10% cm? is the volume of the galaxy and N (A7, Ay) =

,:1412 dAQ(A). The most interesting case is for proto-
neutron stars: during a time 7ye¢ (the first months of
their life) a solid crust has not yet formed (and therefore
the strangelets do not get trapped into that low-density
layer) and a strangelet can penetrate the star trigger-
ing the deconfinement of the neutron star into a QS [3].
Only strangelets with A > 10'? are not trapped by the
expanding supernova shell [3], but from our analysis we
can conclude that almost all the strangelets satisfy this
condition (see Fig. The flux of strangelets during that
period turns out to be: FTmer ~ 5 x 1074 055% <1
and therefore the probability of this mechanism is neg-
ligible. Eq.@ suggests capture by main sequence stars
has a rate ~ 1/yr, but strangelets would likely evapo-
rate during the pre-supernova collapse due to the high
temperatures reached, as shown in Fig. Moreover, if
vas0 > 1 (as suggested by the high velocities of matter
ejected in a NS-NS merger) they would spread on a vol-
ume much larger than Vg further reducing the capture
rate described by eq. @

Finally, strangelets can be detected by a variety of ex-
periments, see e.g. [40H42] and references therein. If we
assume that the strangelets move at a velocity close to
that of the galactic halo, i.e. vs; ~ 250km/s, the total
flux of strangelets in the galaxy is:

djs /A2 = v NEY /(47 Vga)) ~ 8.4 x 10™%0cm ™25~ ter ™1
(7)
many orders of magnitude smaller than experimental lim-
its (and again if ve50 > 1 the strangelets can escape the
galaxy and the flux can be even smaller).

Our results suggest that strangelets produced by a QS-
QS merger (and most likely also those which are possibly
ejected by a NS-QS merger) are unlikely to be detected
directly by experiments [40} [41] or indirectly through the
effects they produce on stellar evolution [3] i.e. convert-
ing all NSs into QSs. We reached this conclusion be-
cause we have not assumed a distribution of the sizes
of the strangelets of the form (A — A)/A (i.e. all the
strangelets having the same mass A), as it is often done
in the analysis, but we have considered an explicit model
for fragmentation and evaporation.

In our paper we have therefore shown that the exis-
tence of the QSs is not excluded by the present data on
the abundance of not too massive strangelets produced
in the merger of two QSs. The possibility of having at
least a fraction of dark matter composed of strangelets
produced at the time of the baryogenesis and with A sig-
nificantly larger, in the range ~ 1033 — 10%2, is also still
viable [I, 42H44]. The experimental search of strangelets
of all possible masses is still a very active research field
45, 46].
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VI. APPENDIX A

In order to assess the strangelets’ production in a
merger of a QS with a NS, we perform relativistic hy-
drodynamical simulations of these systems as in [12] [13].
Within the smoothed particle hydrodynamics (SPH)
scheme it is relatively trivial to implement different equa-
tions of state (EoSs) for different fluid elements, i.e. SPH
particles. We set up a binary with a NS of 1.35 Mg and
a QS with 1.35 Mg. The SPH particles of the NS are
described by a hadronic EoS containing hyperons and
deltas already used in the simulations presented in [20],
while we use a quark matter EoS for the QS based on
the MIT bag model, again taken from [20]. We run the
simulations into the early merger phase and stop the cal-
culations when a black hole forms a few milliseconds after
merging for these particular binary masses and relatively
soft EoSs [55]. We do not include any burning processes,
as the ones described in [47, [48] that could convert nucle-
onic matter to quark matter, because such a conversion
is likely less relevant on short time scales, although it
could become more important at later times. It is thus
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FIG. 6: Snapshots from a hydrodynamical simulation of a QS-NS merger just before (left) and after (right) merging. Blue dots
indicate quark matter, while the NS is shown with black markers. (Note that we plot only a subset of SPH particles, which
is why the stellar surfaces appear less smooth.) The red crosses mark fluid elements which eventually become unbound. Only

hadronic matter is ejected.

unlikely that neglecting these processes does change our
conclusions about dynamical mass ejection.

Analyzing the mass ejection in this simulation we do
not find any evidence for unbound quark matter, see
Fig. [l Instead only matter from the NS gets ejected
because this material is less bound than the quark mat-
ter. For this particular set of EoSs, the hadronic one
yields smaller stellar radii for stars with 1.35 Mg, which
is why the QS initially shows stronger tidal deformations
before merger, but still it does not eject quark matter.
The hadronic matter is less bound and the NS gets in
part disrupted during the merging process, whereas the
quark matter component remains entirely gravitationally
bound.

Note that the equal-mass binary is the most extreme
case within such scenario of a “mixed” merger. Actually,
one would expect that in most of the cases the QS is
more massive than the NS [20] implying that mass ejec-
tion from the QS is even more unlikely for asymmetric
binaries.

In another simulation we consider the merger of two
stars with 1.2 Mg which may also represent a rather ex-
treme system favoring quark matter ejection. For these
binary masses the merger does not lead to a direct grav-
itational collapse. We find a very small amount of un-
bound quark matter (less than 10~#Mg) compared to
several 1073 Mg, of ejecta from the NS. We remark that
the small amount of quark matter ejecta corresponds to
just a few SPH particles, and thus we cannot fully ex-
clude that those are a numerical artifact. In this study
we cannot provide a full survey of all possible binary
masses and EoSs for mixed binaries. We cannot there-
fore fully exclude that other systems may lead to the
ejection of quark matter, but it is reasonable to expect
that even if in that case the thermodynamical and me-
chanical properties of the strangelets would be similar to

those in QS-QS mergers, which we extensively discuss in
the main body of the paper.

VII. APPENDIX B

In this Appendix we sketch the derivation of Eq..
First, the probability of interaction between the neutrino
and the strangelet p(rs,T) reads:

p = 1forrs > %l(T)

4r 3
= BZ(;) for ry < ZZ(T) (8)
with the neutrino mean free path I(T) = (G%u?T3)~L.
For small strangelets (as the ones discussed in this pa-
per), p scales therefore as ~ r T3 and the LHS of Eq.
scales therefore as A. Eq. expresses the thermal equi-
librium between the cooling due to evaporation (RHS)
and the re-heating due to neutrinos present in the am-
bience at a finite temperature T,, (LHS). That equation
can be combined with the explicit expression of the netto
evaporation rate given by Eq. to obtain:

ki A(T] —T7) = ke A23B(T,, To) (I + 2T)  (9)
where

T4 _ T4

i s 10

S (0)
and ki, ko, k3, k4 are constants. Notice that the LHS of
Eq. @ describes the reheating due to neutrinos and it
scales as A, while the RHS describes the evaporation and
it scales as A2/3. We can then obtain:

ko I 42T,

A3 = k ﬁf(Ts) : (11)

B(T,,T,) = ksT2e /T



This equation describes the relation between the size of
the strangelets and their temperature at equilibrium, if
T, is given. It indicates that if the size of the strangelets
is small (A — 0) no evaporation is possible (f(T5) — 0
and therefore also dA/dt — 0) because the re-heating is
not efficient and the temperature of the strangelets drops.
Let us indicate with T the value of T for which f(T) =
0 and thus also dA/dt = 0. For Ts < Ty reabsorption
dominates over evaporation. Notice that T, depends on
T, but does not depend on A. Let us expand the LHS of
Eq. around Ty by introducing a small shift §: Ts =
To + 6. It is then easy to check that § oc A'/? and thus
the netto evaporation rate reads:

% x A%3§ = kA. (12)

From this last equation the total evaporation time
(needed to decrease the baryon number from A to 1)
reads:

T =log(A)/k (13)

ie. Eq. in the main text. We tested this equation
against the numerical results and they are in excellent
agreement.

VIII. APPENDIX C

In this Appendix we outline the formalism which al-
lows to describe how the total or partial evaporation of
the ejected fragments of strange matter affects their size
distribution. During the first milliseconds after the be-
ginning of the merger, fragments of quark matter not only
scatter breaking into smaller pieces, but they also evapo-
rate due to the high temperatures reached by the system
and shown in Fig. [7]] We can then compare the temper-
atures reached by each of the ejected particles with the
time needed for a total evaporation, displayed in Fig. 2

012 B

0.06 - B

fraction of particles

0.02 - 5

i s S
0 10 20 30 40 50 60 70

Maximum temperature [MeV]

FIG. 7: Distribution of the maximum temperatures reached
by each of the ejected particles.

of the text. By using Eq. (5): 74 = C(T)LogA which
indicates the time needed for the total evaporation of a
strangelet of baryon number A and by numerically evalu-
ating C(T") we can obtain the estimate of the time needed
for a partial evaporation:

Ta(f) = C(T)(LogA — Log(fA)) = —C(T) Logf, (14)

where f is the fraction of the strangelet that has NOT
evaporated. For instance f=0.01 indicates 99% evapora-
tion, leaving a strangelet having baryon number 0.01 A.
Notice that 74(f) depends on A only through the limit
f > 1/A, but it is otherwise A independent as can be
seen also from the results presented in Table[[} It is then
possible to estimate the probability that each of the par-
ticles leaving the merger’s region after the collision and
having initial mass A evaporates at least up to a fraction
f, meaning that the remaining not-evaporated mass of
the particle has baryon number at most fA. One can
consider each of the trajectories, following their thermal
evolution, and check if that particle remained at a tem-
perature T for a time longer than 74(f), so to be able
to evaporate up to the fraction f. In this way we obtain
the probability that the ejected particles having initial
baryon number A evaporate at least up to the fraction
f- We can consider this quantity R4(f) as a cumula-
tive probability, related to the corresponding probability
distribution function E4(f) by:

f
Ra(f) = / Af'Ea(f)) + Ra(1/4),  (15)

/A

where R4(1/A) is the probability of total evaporation of
a strangelet having baryon number A. We then extract
the numerical value of the evaporation probability distri-
bution from its cumulative, as:

Ea(f) = 0Ra(f)/0f . (16)

We can now define Q(A), the distribution of the size of
the fragments after the evaporation in terms of P(A), the
distribution obtained from the scattering simulation:

Q) = [Tawp) | 1

1 1/A

df Ear(f)o(A— fA")

_ /100 dA'P(A) Ea(f = AJA) AT, (17)

This definition satisfies the number of fragments sum-
rule:

/1 T d4Q(4) = / TAAPAL - Ra(1/4)]  (18)

indicating that the number of fragments after evapora-
tion is equal to the number of fragments before evapora-
tion minus the number of fragments that underwent to-
tal evaporation. It is important to remark that the total
number of fragments, i.e. of strangelets having A > 1,



can only be reduced by evaporation and it is therefore
limited by the number of strangelets produced by frag-
mentation.

100 % 99.9 % 99 %
evaporated |evaporated | evaporated

A=10""| 0.68 0.78 0.81

A=10%%| 057 0.78 0.81

TABLE I: Probability of partial or total evaporation of a
strangelet having a baryon number either of 10'° or of 1035,
assuming a binding energy I = 70 MeV. The temperatures
reached by the ejected particles are obtained from the simu-
lation of a QS-QS merger of Ref.[I3], using the equation of
state MIT60 with masses 1.2 and 1.35M.
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