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Abstract The state of supranuclear matter in compact stars remagipg, and it is argued that pulsars
could be strangeon stars. The consequences of mergingedstibihgeon stars are worth exploring,
especially in the new era of multi-messenger astronomy. éweldp the “strangeon kilonova” scenario
proposed in Paper |, we make a qualitative description atheuevolution of ejecta and light curves for
merging double strangeon stars. In the hot environmentefribrger, the strangeon nuggets ejected by
tidal disruption and hydrodynamical squeezing would suffem evaporation, in which process particles,
such as strangeons, neutrons and protons, are emittedgliatd account both the evaporation of strangeon
nuggets and the decay of strangeons, most of the strangggetsuvould turn into neutrons and protons,
within dozens of milliseconds after being ejected. The evation rates of different particles depend on
temperature, and we find that the ejecta could end up with woponents, with high and low opacity
respectively. The high opacity component would be in thedions around the equatorial plane, and the
low opacity component would be in a broad range of angularctions. The bolometric light curves show
that the spin-down power of the long-lived remnant wouldoart for the whole emission of kilonova
AT2017gfo associated with GW170817, if the total ejectecssna 10~2 M. The detailed picture of
merging double strangeon stars is expected to be testedurg fuumerical simulations.
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1 INTRODUCTION between u and d quarks. Rational thinking about stable
strangeness dates back to the 1970s. A bulk strange object,
Matter in our Universe takes on various forms, although;omposed of nearly equal numbers of u, d and s quarks,
the fundamental particles making up matter are just threg speculated to be the absolutely stable ground state of
generations of Fermions in the Standard Model of particlgrongly-interacting matter, which is known as Witten’s
physics. The state of matter at extremely high densitieggnjecture Witten 1984. It should be also noted that,
created by the gravitational collapse of massive stardlis st ge to the non-perturbative effect of strong interaction,
far from certain, which is yet essential for us to explore thegarks inside pulsar-like compact stars may be grouped
nature of pulsar-like compact stars. It is still under debat iy clusters, similar to the case that u and d quarks are
if the main constitution of pulsar-like compact stars istwo grqyped into nucleons. Although Witten’s conjecture was
flavored or three-flavored matter. The gravity-compressegoposed based trange quark matter that is composed
matter produced after a core-collapse supermnova of agf aimost free quarks, we can make an extension that it

evolved massive star is currently speculated be eithegtj reasonably holds no matter whether quarks are free or
neutron matter or strange matter, and a historical roadmagcglized.

to these ideas is introduced briefly Ky et al.(2027).

For bulk matter, at densities around the saturated At densities in compact stars, which are around the
nuclear matter density,, the weak equilibrium among saturated nuclear matter density, the coupling between
u, d and s quarks is possible, instead of simply thatjuarks would be so strong that quarks are hard to maintain
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itinerant. Initiated by the thoughts that the quark-cliste surface of strangeon stars is still strangeon matter, i.e.,
are the main constituents of compact starsur(2003 and  strangeon stars are self-bonded by the strong force, like
Lai & Xu (20093, where the three-flavored quark-clustersquark stars.
are afterward called “strangeons” by combining “strange  The detections of GW event GW170814pott et al.
nucleons”, this model has been developed based on mop®17 and its multiwavelength electromagnetic counter-
advanced observations (see a reviewllay& Xu (2017  parts (e.g.Kasliwal et al. 2017Kasen et al. 20])7opened
and references therein). a new era in which the nature of pulsar-like compact stars
The strangeon star model had been found to be helpfiiould be crucially tested. In a conventional neutron star
to understand different manifestations of pulsar-likemerger, the neutron-rich ejecta undergoes rapid neutron
compact stars. The strangeon star model predicts high magapture (r-process) nucleosynthesis. The radioactivaydec
pulsars (ai & Xu 20093b) before the discovery of pulsars Of these unstable nuclei powers a rapidly evolving and
with M > 2 M (Demorestetal. 200 A strangeon supernova-like transient named as AT2017gfo, which was
matter surface could naturally explain the pulsar magnepredicted to be associated with neutron star mergers and in
tospheric activity Xu et al. 1999 as well as the subpulse- literatures was called “kilonova’L{ & Paczynski 1993,
drifting of radio pulsars I(u et al. 2019. Starquakes of “macronova” Kulkarni 200§ or “mergernova” Yu et al.
solid strangeon stars could induce glitch@hdquetal. 2013 Gaoetal. 201p The observed multi-band light
2004 2014 Laietal. 2018p, and the relation between curves can be understood by such a radioactivity-powered
the recovery coefficients and glitch sizes was foundransient (e.g.,Cowperthwaite etal. 2017Smartt et al.
to be consistent with observationsafetal. 2018y 2017 Villar etal. 2017, containing a low-opacitys( ~
The glitch activity of normal radio pulsardyneetal. 107" cm® g~') component (“blue” component) whose
200Q Espinoza et al. 201 1Fuentes et al. 20)&an also  luminosity peaks at- 10** erg s* at the time of about
be explained under the framework of a starquake irone day, and a high-opacity; (~ 10 — 100cm?g~')
the solid strangeon star modélvgng etal. 2020 The component (“red” component) whose luminosity peaks at
plasma atmosphere of strangeon stars can reprodutie time of about one week.
the Optical/UV excess observed in X-ray dim isolated = Combining the constraint by GW170817 with the
neutron starsKaplan et al. 2011Wang et al. 201y The existence of high mass pulsars puts a dramatic re-
tidal deformability (aietal. 2019 as well as the light duction in the family of allowed EOSs of neutron
curve (aietal. 2018a hereafter Paper I) of merging stars Annalaetal. 2018 As more massive pulsars are
binary strangeon stars has been derived, and these areing found Demorest et al. 203@\ntoniadis et al. 2013
consistent with the results of gravitational wave (GW)Cromartie et al. 201)9 the lower limit of the maximum
event GW170817Abbott et al. 201Y. The details will be mass increases, which will put a more stringent constraint
explained later. on neutron star models. Due to the lack of information

The inner structure of pulsar-like compact stars afn the post-merger remnant, the observation of a GW
well as the equation of state (EOS) of supranuclear dengdone cannot exclude other possibilities on the origin of
matter is challenging in both physics and astronomy. Th&W170817. For binary quark stars, the tidal deformability
significant non-perturbative effect makes it difficult to ©f GW170817 can be used to constrain parameters in
derive the properties of dense matter inside pulsar-likéhe equation of state, which imply the maximum mass
compact stars from first principles. The theoretical model®f quark stars to be- 2.18 Mg within the MIT bag
(including neutron star model as the mainstream, quarodel €houetal. 201Band ~ 2.32 Mg with color-
star model and strangeon star model) need to be tested Hgvor-locked superfluityl(i et al. 2029.
astrophysical observations. Differently, for equation of state of strangeon stars, the
constraint by combining the tidal deformability and high
ghaximum mass seems not severe at &obr the strangeon
matter proposed ihai & Xu (20090, in a large parameter

Strangeon matter, similar to strange quark matter, is
composed of nearly equal numbers of u, d and s quar

at the level of quarks; however, different from that in : . )
srange quark matter, quarks in strangeon matter are space the equation of state of a strangeon star is compatible

localized inside strangeons due to the strong couplinﬁ"ith the constraint by GW170817 even if the maximum

between quarks. There are differences and similaritie§'aSS of_pulsars is higher than 218, (Lai et gl. 2019.
between strangeon stars and neutron/quark stars. On thar the Ilnked bag model of strangeon mattiigo et al.
one hand, quarks are thought to be localized in strangeor@zo which can be adopted for strong condensed matter

in strangeon stars, like neutrons in neutron stars, but & o ) ) )
t h th fl d tai th 1 The strangeon star model is neither in the “twin-stars” agen
strangeon has three Tlavors and may contain more a(f\)lost etal. 2018 nor in the “two-families” scenario Ofe Pietri et al.
three valence quarks. On the other hand, the matter at ttze19.




X.-Y. Lai et al.: Merging Strangeon Stars Il 250-3

in both 2-flavored (nucleons) and 3-flavored (hyperonglecay into nuclear matter, and the nucleosynthesis of quark
and strangeons) scenarios, it is also found that in atar mergerswould only reach the iron peBkilucci et al.
large parameter space the maximum mass and tid&017. Bucciantini et al.(2019 calculate the evaporation
deformability of strangeon stars are consistent with theorocess of ejected strangelets, and find that almost all
current astrophysical constraints. of the ejected strangelets will evaporate into nucleons
It is interesting to note that, some studies showedmost of them are neutrons). Although the evaporation
that, when introducing realistic current quark masses, thef strangelets into nucleons could produce neutron-rich
strange quark becomes disfavored because of its larg@ndition and then could lead to high opacity, there is
dynamical mass, and three flavored strange quark mattér 1ack of explanation about the observed low opacity
would not be absolutely stabl®(balla & Oertel 199%  Component.
Under such consideration, quark matter with only u andd ~ The consequences of merging double strangeon stars
quarks (udQM) has also gained some attentions. By sone worth exploring. The “strangeon kilonova” scenario
phenomenological models for interacting quarks, udQnmhas been discussed in Paper |, in which the peak of the
was shown to be more stable than nuclear matter anght curve at about one day after merger is powered by
strange quark matteHpldom et al. 2018 The maximum the decay of ejected unstable strangeon nuggets, and the
mass of quark stars with udQM could be larger tharslowly fading component of the light curve is powered by
2.7 M (Caoetal. 2020 and the obtained values of the spin-down of the remnant strangeon’t#@o match the
the tidal deformability are in good compatibility with observations, the lifetime of unstable strangeon nuggets
the experimental constraints of GW1708%héng 202,  is assumed to be one day. However, detailed descriptions
Therefore, it remains an interesting and unsolved problerabout the evolution of ejected strangeon nuggets as well as
whether quark matter is 2- or 3-flavored. Strangeon mattelhe properties of the decay products are needed.
that we focus on in this paper is also the result of To present a whole picture of merging double
significant interaction between quarks. strangeon stars and the astrophysical consequences, there
Besides determining the tidal deformability, the is still a long way to go. The full analysis about the ejection

equation of state of compact stars also determines tH¥0cess of strangeon nuggets, including the total mass
properties of the post-merger remnant, which woulg@nd the size-distribution of nuggets, relies on numerical
affect the electromagnetic transient after merger. Th&imulations. In addition, the evolution of ejected stramge
allowed equations of state of neutron stars and strang&’99ets is difficult to trace due to our ignorance of their

quark stars are hard to sustain a mass higher thayoperties. However, as will be shown in this paper, the
2.5 M, (Annalaetal. 2018 Zhou etal. 2018 so the EI€ction and evolution of strangeon nuggets happened

remnant of merger for GW170817 is more likely to be@nd terminated at a very early stage of merger, so these
short-lived and will collapse into a black hole within Processes could not have much impact on the later
100ms Ruiz etal. 2018 The lanthanide-bearing ejecta processgs such as the strqngeon kilonova. As a first st.age
is important for the “red” component of the post mergeri" €xploring the astrophysical consequences of merging
light curves, but most of the ejecta is lanthanide-fregdouble strangeon stars, a qualitative description abeut th

(Y, > 0.3) if the neutron star survives longer than abouyt€Vvolution of ejecta and light curve of kilonova s necessary

300ms Kasen et al. 2015 However, a long-lived neutron Which is focused on in this paper.

star is favored for a consistent picture to account for the ~ Beginning with a rough picture for ejection of

opacity and ejected mass of AT2017gfu(et al. 2018  Strangeon nuggets during merger of double strangeon
Li et al. 2019. stars in Sectior?, we discuss the evaporation of ejected

. strangeon nuggets in SectiBnlt is found that, except the
The observed electromagnetic counterparts, on thé that h nitial b b th .
other hand, are still difficult to utilize to directly probe ones that have initial baryon humbers near the maximum

. . value, almost all the ejected nuggets turn into strangeons
the nature of pulsar-like compact stars. The production . " . .
ithin several milliseconds, and turn into neutrons and

of heavy elements has an impact on the opacity an L .
. . . kproton within tens of milliseconds. Because strangeons
will consequently affect the time and magnitude of pea . .
o would instantly decay which leads to more protons than
luminosity. Neutron star mergers could not be the only

n&utrons, the high and low opacity components could
complement to supernovae that produce elements aroun . .
. . Ee naturally created. If the total ejected mass is about
or heavier than the iron peak. The merger of double quark -, . .
. . 107° M, the light curve would be powered by the spin-

stars would eject fragments of strange quark matter, whic . . :

own of the remaining long-lived strangeon star, which can
are called strangelets. For mergers of double quark stars,
under the multi-fragmentation modétgulucci & Horvath 2 Such a hybrid energy source model was firstly suggesteétitst al.

2019 of quark matter, all the ejected strangelets would(201§ for explaining AT 2017gfo with a long-lived normal neutretar.
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fit the bolometric light curve of AT2017gfo, as described1 cm, corresponding to maximum baryon number., ~

in Section4. Conclusions and discussions are provided inl03°.

Sectionb. From the method applied iBucciantini et al (2019,

the minimum size could be estimated by evaluating the
Weber number, defined by = pv?r/o, wherewv is the
turbulent velocity. The ejection of strangeon nuggets can

The electromagnetic counterparts of GWs in merginge treated as the turbulent fragmentation on the surface of
binary compact stars are essentially determined by thE€rging stars, where the turbulent veloaitis the ejection
amount and composition of the ejecta. Similar to quarkvelocity. The ejection takes place as londs> 1, then if
stars, strangeon stars are self-bound on the surface. 4t= 0.1c (cis the speed of light) we can get the minimum
is known that modeling the large discontinuities at thefadius of nuggets;,i, ~ 1fm, corresponding to minimum
surface of quark stars faces numerical challenges, and onaryon number i, ~ 1.
a few works have explored the dynamics of binary quark ~ Actually, the strangeon nuggets which are stable at
stars. The hydrodynamical simulations of the coalescenceero temperature should have a critical size, smaller than
of quark stars Bauswein et al. 209)0indicate that the Which the energy per baryon of strangeon matter would
small lumps of quark matter form around the remnantbe higher than that of two-flavor ordinary maftem a
and the total ejected mass+s0.004 M. Recently, fully — qualitative estimation Lai & Xu 2017) the critical size
general-relativistic simulations of binary quark stargéia could be set to be the Compton wavelength of electrons,
been presentedZbiu & Rezzolla 202), which show that e ~ 10° fm, corresponding to the critical baryon number
the dynamical mass loss is ab@u03 M. A, ~ 10°. Then the primary strangeon nuggets that are
The clumpy ejecta and the low ejected mass are dugiected during merger would have baryon numbers from
to the fact that quark stars are self-bound by the stroné)09 t0 10%.
interaction, which is also a characteristic of strangeon  The lack of numerical simulations about the merging
stars. We may expect that the ejected mass of mergingfocesses of binary strangeon stars makes it hard to derive
binary strangeon stars is more or less the same &xactly the distribution of sizes and the total amount of
that of merging quark stars, although the full numericaejecta. In fact, the size-distribution of strangeon nugget
simulations of binary strangeon stars remain to be donavould not have much impact on the electromagnetic
In the following, we assume that there are two mainradiation. After being ejected, strangeon nuggets will
ejection processes in the merger of double strangecsHffer evaporation, as will be demonstrated in Sec8pn
stars, similar to the merger of quark stars. The firs@nd the the final components in the ejecta which have
process is the tidal disruptions during the merger, ejgctinobservational effects (e.g., the power of the kilonova)
matter in the equatorial plane. The second process iould depend weakly on the initial conditions.
the hydrodynamical squeeze from the contact interface
between the merging stars, expelling matter in a broad pyapPORATION OF STRANGEON NUGGETS
range of angular directions. We further assume that the
ejected matter in both processes has mass as low as During merger, the temperature could reach up to tens
1073 Mg, of MeV (e.g., Bauswein etal. 2070 especially when
Due to the self-binding of strangeon stars, both tidathe shock heating is taken into accoubte(Pietri et al.
disruption and hydrodynamical processes eject strange&?19, so naturally the strangeon nuggets would suffer
nuggets, instead of ejecting individual strangeons. Thé&om losing particles from the surface. Strangeon nuggets
ejected strangeon nuggets could be like the water droggemselves would behave like dark matter because of
splashed out of a pool of water, and they should havéheir extremely low charge to mass ratiba( & Xu
various sizes, i.e., various baryon numbédrsdere we can 2010, but the particles emitted from their surface would
estimate the maximum and minimum sizes of strangeofead to significant consequences. In the high temperature
nuggets. environment of the merger, the ejected strangeon nuggets
The maximum size could be estimated by the balanc#ould suffer from emission of particles from the surface,
between tidal forc&’ M mr/R? and surface tension force * Now e di - t < and strasEbe
or, whereo is _the surface tensiod/ and 1 are the Ste"ar formeroafe C?Jrr:pigir:jcif t?]e F;t?eﬁ fl%?a%ngggggﬁuz;:t v?o?lﬁ?&ble
mass and radiusp andr are the nugget’s mass and radiusagainst decaying to two flavor matter if its baryon number ighér
respectively fu ~ pr3, p is the density for both strangeon than the critiggl value (a strangeon star is a huge “nugge’it’i baryon
stars and strangeon nuggeisy 2po). Foro = 10 MeV number~ 10°7). A strangeon has baryon numkbgr10 and is extremely

_ ; unstable in a vacuum (their decay would lead to interestimgequences,
fm—2, we can get the maximum radius of nuggets, ~ discussed in Sect. ).

2 EJECTION OF STRANGEON NUGGETS
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i.e., evaporation, including neutrons, protons, strangeo where the temperature is given By= /c*/a. The level
and so on. density parameter is taken as= A/124, MeV ' since

In this section, we calculate the evaporation rate othe effective degree of freedom is strangeon instead of
strangeon nuggets, which depends on temperature. It wilucleon, wherel is the total baryon number of a strangeon
be found that the components in the ejecta after tens afugget, and4, is the baryon number of each strangeon. If
milliseconds from the merger would be similar to that inthe number of valence quarks in each stranged,ighen

merging double neutron stars. the strangeon baryon numhé; = N, /3. In this work we
take N, = 18, i.e., A, = 6, in which case a strangeon is
3.1 Widthsof Particle Emissions an 18-quark cluster (called quaek-(Michel 1988.

) o ] ] At large excitation energies{ > sg +¢), the ratio of
The widthI'; for the emission of particles can be obtained, ., | densities in Equatiori) can be simplified and gives
with a statistical model§hen 200} i.e.,

« _ gsmg S8 ple* — 55 —¢) ple* —sg—¢€) _ _spte 5
Lp(e”) = 3 /0 Ty eog(e)de, (1) exp 7 _ (5)
wheregg, mgz andsg are the degeneracy factor, mass an
separation energy of the particle respectively. HeE*)

represents the level density of the a strangeon nugggiere we consider four evaporation channels, i.e., the
with an excitation energy®, andog(c) the absorption  emijssion of strangeong & ¢), neutrons § = n), protons
cross section of particleg with an incident energy. (3 = p) anda particles @ = «). The separation energy
For electrically neutral particles such as strangeons Gg then obtained With, = mg — Agfin, Sn = My — fin,
neutrons, we take the cross sectionags,(¢) = nr?, Sp = My — pp ANAsq = Mo — 2ty — 241, Wherem,,
while for charged particles one has to take into accoun, m, andm, are the masses of strangeons, neutrons,
the Coulomb interactionfong 1973, i.e., protons andy particles, respectively. Here the neutron and
2w 27(e — eq) proton chemical potentials are obtained wijth = %—]‘j
op(e) = %2 In {1 +exp [ wo ”’ (2) andy, = %—1‘24, whereM is the mass of a strangeon nugget

where the transmission probability of Coulomb bar-With baryon number and charge numbef.

rier is obtained based on the Hill-Wheeler formu-  The emission rate¥/s = I's/h ~ 1.52 x 10*'T'g

la (Hill & Wheeler 1953 assuming a typical barrier width (in s™') for various evaporation channels can be derived,

wo = 4 MeV. For the Coulomb barrier, we S|mp|y take where the Wldth§5 are obtained with Equatlorﬂ.X In

ec = qpeo(r). principle, the surface tensian determining the dynamic
Note that for the emission of nucleons amgharticles, ~ stability of the strangeon-vacuum interface would affect

one needs to take into account the transition probabilitfhe emission rate. However, for larger strangeon nuggets

from strangeons into nucleons. If strangeon matter i¢radiusr > 10° fm, or baryon numberd > 10'°), the

usually more stable than nuclear matter and the transiion finite size effect becomes insignificant and the emission

a weak reaction process, we expect a vanishing transitiof@te is proportional to the surface area of strangeon

probability. If we assume the transition probability from nuggets. As will be shown in Sectidh3, the strangeon

strangeons into nucleons f, the transition probability nuggets with initial baryon numbet, < 10°° will almost

from strangeons inta particles is approximately’,. Thus ~ disappear within~ 1 ms as the result of evaporation. For
the cross sections become simplicity we only consider large strangeon nuggets and

neglect the surface tension, since larger strangeon neigget

d3.2 Evaporation Rate of Strangeon Nuggets

4
Tpin = fNOpn ANATo = fiyOa. (3) would emit more particles.
Atthis moment, the exact form gy is unclear. According In Figure1 we present the emission rates per surface
to the reaction rate of +u — u +din quark matter given area for various evaporation channe, including
in Madsen(1993, we suppos¢y = 3 x 1072, strangeons{ = ¢), neutrons § = n), protons ¢ = p)

When the temperature of strangeon matter exceedSghdq (3 = «). The evaporation channels are dominated
certain value ¢ 1 MeV), the solid state is turned into a py strangeons at temperatife> 10 MeV, and dominated
liquid. In such cases, we expect the statistical propeofies py neutrons af” < 10 MeV. This result gives the emission
strangeon nuggets are similar to those of finite nuclei, thugates for any strangeon nuggets with radius 10° fm via
for strangeon nuggets we adopt the level density of nucleiyitiplying it by the surface aresl = 472,

typically calculated from the Fermi-gas model, The dependence of evaporation channels on temper-
o2Vae" ature could be understood. Strangeons are heavier than

P= NZT (4 neutrons and protons, so they are easier to be emitted at
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o T T T T T T T T T where

()

o LR TR W L |

] 3
] A~ (Ag/B - f£2 -t) : (8)

Logsol @ /(fm? s)]

Whent = 1 ms the temperature is about 20 MeV and
R = R, ~ 1.5 x 10'® s7! fm~2, then the strangeon
nuggets with initial baryon numbed, < 103 will
------------------------------------------ almost disappear as the result of evaporation, via emitting
------- . strangeons. Because the initial baryon numbers of ejected
1 0 strangeon nuggets are between 1 aae, we can infer
Temperature (MeV) that if the initial temperature is about 20 MeV, then almost
Fig.1 Emission rates per surface area for evaporatioll of the ejected nuggets turn into strangeons within
channelsR s to strangeonssflid black line), neutrons several milliseconds.
(long-dashed redline), protons dash-dotted blueline) and In the spiral arms from tidal interactions during
« particles ghort-dashed magenta line).
the merger, however, the temperature would not be so
high. Below 10MeV, the emissions of neutrons and
high temperature. If temperature is not high enough, it igrotons will be dominant instead of strangeons, which
energetically favored for strangeons to decay into nestronwould happen in the spiral arms in the equatorial plane.
and protons before being emitted. The emission of protonEquation 8) indicates that, if the time duration from

is suppressed due to the Coulomb barrier. T ~ 10MeV to 5MeV is about 10ms, whefR =
R, ~ 10%s !fm~2, then the strangeon nuggets with
3.3 TheFateof Strangeon Nuggets initial baryon numberd, < 10%* will almost disappear

within tens of milliseconds as the result of evaporatioa, vi

By simplifying the expanding envelope surrounding theemitting neutrons and protons.
remnant to be adiabaticLi(& Paczynski 1998, the
temperature deceases with tine,« t~!. As indicated
in Figure 1, the production rate of strangeons, neutrongt STRANGEON KILONOVA
and protons depends on the temperature. If the initial
temperature is- 10 MeV at the initial time~ 1ms, then The scenario of a strangeon kilonova was proposed
in ~ 10ms the temperature decreases to 1 MeV, whei) Paper |, where the light curves are powered by
the evaporation nearly ceases. Therefore, evaporatign onthe decay of ejected strangeon nuggets and the spin-
happens at the very early stage of expansion. down of the remnant strangeon star. To be consistent

The calculations in Sectio®.2 affirm that at different  With observations of the kilonova AT 2017gfo following

temperatures, the dominant evaporation products agW170817 Kasliwal etal. 201y, the lifetime of the
different. When the temperatufE ~20MeV, the main strangeon nuggets was assumed to be 1 day. Here

evaporation products are strangeons, with the rate (p&fe propose a more reasonable .scenarlo O.f a strgngeon

unit surface areaR = R, ~ 1.5 x 10 s ! fm—2 kilonova based on a more detailed analysis of ejected
= Ry ~ L . ) .

When the temperature is between 5 and 10 MeV, the maiRtrangeon nuggets and their evolutions.

evaporation products are neutrons, with the rate (per unit In Section3 we discuss a possible ejection process

surface areaR = R, ~ 108s !fm~2. Then we can Of merging double strangeon stars. The merger ejects

estimate the upper limit of initial baryon number of ~ strangeon nuggets directly, which would suffer from

strange nuggets which would almost disappear as the res§yaporation of particles, mainly strangeons, neutrons and
of evaporation. protons. The tidal disruption during the merger ejects

Assuming each strangeon nugget is a sphere witgtrangeon nuggets in the equatorial plane, which turn
radius~ and baryon number density, when suffering into neutrons and protons within dozens of milliseconds.

evaporation, the rate of losing baryons from the surface is! "€ hydrodynamical squeeze from the contact interface
between the merging stars ejects strangeon nuggets in

dA a broad range of angular directions, which turn into

o= R 4mr?, (6)  strangeons within several milliseconds.
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4.1 Electron Fraction 0645
Strangeons are unstable and will decay instantly. Although ' 00407
we do not know the exact microscopic properties of a 0.635]
strangeon, we can infer its decay channels by analogy with 0010
hyperons. Taking\ hyperon as an example, its lifetime > > 0630
is ~ 1071% s and the decay channels afaijabashi et al. 0.001 -
2018 '
4 0.620 -
A—p+7r (63.9%), (9) 10
A—n+ 7r0 (35.8%) . (10) 6 2 4‘1 é é 16 0'61510 {2 {4 16 1‘8 20
Temperature (MeV) Temperature (MeV)

The produced— andr? are still short-lived with lifetimes
~ 1078 s and~ 107'7 s respectively, and will decay Fig.2 The dependence of electron fractiori on

via (Tanabashi et al. 20}8 temperaturel’ in the ejecta, taking into account both
the evaporation of strangeon nuggets and the decay of
T — uT o, (11)  strangeons.
woo— e +v,+ e, (12)

interface between the merging stars that expels matter

and in a broad range of angular directions. Therefore, as the
0 temperature would be different in different processes, the
™ 29 (98.82%), (13) neutron-rich matter would be ejected from the directions
70— et e+ (117%). (14)  around the equatorial plane, and the proton-rich matter
1y\/ould be ejected in a broad range of angular directions. All
of the above processes happen within tens of milliseconds.
Consequently, we may infer that the end products of

Therefore, we infer that the main decay products o
strangeons would also be protons, neutrons g, v,, and

photons. ; ) o =
It is interesting to note that, in evaporation of the complex interactions within tens ofmllllsecono_ls from
strangeon nuggets and decay of strangeons, the raﬁBe merger of (_:Iouble strangeon stars could be similar to
those ejected in the merger of double neutron stars. In

of production rate of neutrons to that of protons is =
different. In the evaporation products of strangeon nugget other words, after gbout dozens. of milliseconds from the
oalescence, the ejecta of merging double strangeon stars

the neutrons dominate over protons, since the emissiont d b simil hat of "o doubl
of protons is suppressed due to the Coulomb barriefou!d be similar to that of merging double neutron stars,

However, in the decay products of strangeons, there ar%mh of which would power the kilonova-like transient.
more protons than neutrons, since protons are lighter than 1€ nheutron-abundance of ejecta depends on the

neutrons. This difference basically initiates differeewdls  VIEWINg angles. Besides the emitted neutrons from
of neutron-richness in the ejecta that will be discussedtrangeon nuggets that make the equatorial plane neutron-
later rich, the strangeons emitted from strangeon nuggets could

In summary, the strangeon nuggets ejected directl?lso contribute to the neutron-richness. In the high dgnsit
from the merger would emit particles from the surface,€9i0n of the disk, the produced in decay (2) would

; o +
which are dominated by strangeons &t > 10 Mey  transform protons into neutrons, vigt ve — n +e™.
and neutrons at 1Me\ T < 10MeV. Strangeons are Anyway, the matter e]e(_:ted from around the equatorial
extremely unstable and will instantly decay into proton-!olane coulld be neutron-rich. Morgoyer, even if the remnant
rich matter, so electron fractidr of the ejecta depends on is a long-lived stable star, the radiation from the star woul
temperature. Taking into account both the emission ratege m;ufﬁqent to mcreas@; significantly, since most of
derived in Sectior3.1and the decay of strangeons, we canf[he_ ejecta. In the equatorial plane can have very Yonas
get the dependence &f on temperature, as displayed in indicated in Figurez. ) _ o
Figure 2. We can see that, is higher than 0.5 af” > The components of ejecta are illustrated in FigBre

. o .

10MeV and is well below 0.1 at 1 Me¥ T < 10 MeV. The tidal disruption ejects ma’Fter in .the equatorial
plane, where the temperature is relatively low. The

hydrodynamical squeeze from the contact interface expels
matter in a broad range of angular directions, where
The ejection processes of strangeon nuggets involve thte temperature is relatively high. Therefore, taking into
tidal disruption that ejects matter in the equatorial pJaneaccount both the evaporation of strangeon nuggets and the
as well as the hydrodynamical squeezing from the contaaecay of strangeons, the matter with high opacity would

4.2 Two-component Ejecta
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Fig.3 lllustration of blue and red components of ejecta. & “°°

The matter with high opacity would be ejected from the
directions around the equatorial plane, and the matter with
low opacity would be ejected in a broad range of angular .| ‘ ‘ ‘
direCtionS. 0.5 1.0 1.5 20 25
Log4o(Time since GW170817 / d)

be ejected from 'Fhe direction aroundthe_equat(_)rial plan%ig.4 Bolometric light curve of a strangeon kilonova
and the matter with low opacity would be ejected in a broagncluding two-component ejecta, fitted to the data from

logso(Lpoerg ™)

range of angular directions. Kasliwal et al.(2017. The dashed and dash-dotted lines
represent light curves of the blue and red components,
43 Light Curves respectively. Theolid lineis the result of the combination

of the two components. For both the blue and red

H _ -3
To derive the light curve, the radiation-transfer process i COMPonent, the ejected ma%sjired/blw = 107" Mo,
ige minimum and maximum velocitias,;, = 0.1 ¢ and

the necessary i.n.put. As demonstrated before, the. ej:ec A — 0.3¢ (c is the speed of light) respectively, and
after tens of milliseconds after merger could be similarthe density distribution index = 1.5. The timescale

to that ejected in the merger of double neutron stars. Thef spin-down ist,;, = 3 x 103s, and the initial
neutron-rich matter (i.e., the red component) would bespin-down luminosity isl x 10**ergs™'. The opacity
ejected from the directions around the equatorial plane® = 0.lcnm?g~! and 3crig™! for the blue and red
and the proton-rich matter (i.e., the blue componentg?éngi\?gﬁ?;%r:tsgfggfg' The details of the ejecta model

would be ejected in a broad range of angular directions.

The r-process nuclei can be produced in the neutron—richEol component. In order to significantly spin down the
environment, leading to high opacity and heat the ejecta b}’emnant, efficient secular GW spin-down is needed. The
radioactive decay. Therefore, the radiation-transfecgse timescale of spin-down i&q — 3 x 103s, and the initial
would be similar to that of merging double neutron Starsspin-down luminosity isl x 103 erg, which are typical
Moreover, there would be not much differences betweeq,alueS for spinning down neutron stars.

the amount of heavy nuclei produced in merging strangeon 1.4 polometric light curve of a strangeon kilono-

stars and that in merging neutron stars, since the totq}a including two-component ejecta, fitted to the data
ejected mass.es are about the sarie:(& Rezzolla 2021 from Kasliwal et al.(2017), is depicted in Figurel. The

~ The maximum mass of strangeon stars would be a§ashed and dash-dotted lines represent the light curves of
high as2.3 M, or even higher, so the merger of double e and red components, respectively. The solid line is the
strangeon stars triggering GW170817 would probablyegit of the combination of the two components.
leave a long-lived stable strangeon star. As indicated Therefore, although the very initial components in
in Lietal. (201§, the emission of AT2017gfo associated gjecta of merging strangeon stars are different from those
with GW170817 can be explained by energy injection fromg¢ erging neutron stars, the “strangeon kilonova” could
a long-lived and spinning-down neutrons star. The Spinpaye 4 Jight curve similar to that of a neutron kilonova.

down power is independent of the interior structure of the j qer reasonable values of parameters, the bolometric
remnant, so we can take the spin-down power as the eNergyht curve can fit the data of AT2017gfo.

source of the kilonova-like transients.

The radiation-transfer process depends on properties ~oNCLUSIONS AND DI SCUSSIONS
of the ejecta, such as the total makk;, the minimum
and maximum velocities,,;, andwv,.,x respectively, the Strangeon matter in bulk is conjectured to be more stable
density distribution indeX and the opacityc. Here we than nuclear matter, and strangeon stars are conjectured
choose typical values for such parameters. For both blu® be actually pulsar-like compact stars. Besides the
and red components\/;; = 1072 Mg, vmin = 0.1¢,  strangeon stars that are born in supernova explosions and
vmax = 0.3c¢ (c is the speed of light) and the density undergo sufficient cooling, the astrophysical consequence
distribution indexs = 1.5. The opacityx = 0.1cm*g~!  in the hot environment created by merging double
for the blue component, and = 3cm?g~! for the strangeon stars are worth exploring, especially in the
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new era of multi-messenger astronomy. To develop theompatible with the observed GRB if the magnetic field of
“strangeon kilonova” scenario proposed in Paper |, wehe remnant is not higher tha®'? Gauss Yu et al. 2018.

provide a qualitative description about the evolution of  Thjs paper is the first qualitative description about the
ejecta and light curves of a strangeon kilonova. evolution of ejecta of merging strangeon stars. Despite

Due to the self-bonding of strangeon stars, the mergepur lack of numerical simulations, our conclusions are
directly ejects strangeon nuggets instead of individuafiualitatively acceptable, for the following reason. Most
strangeons. The tidal disruption ejects strangeon nugge® the ejected strangeon nuggets would almost disappear
in the equatorial plane, and the hydrodynamical squeez&hd evaporate into strangeons, neutrons and protons, then
from the contact interface expels strangeon nuggets in ${rangeons instantly decay into protons and neutrons. The
broad range of angular directions. In the high temperaturgi€ction, evaporation and decay happen at a very early
environment of the merger, the ejected strangeon nugge$éage of merger and terminate at a time of about tens
would suffer from evaporation into strangeons, neutrons?f milliseconds when the temperature drops belew
protons and so on. The emission of strangeons dominatddVieV, so that the ejecta would end up with neutrons
at temperature above 10MeV, and the emission of and protons within tens of milliseconds. Consequently,

neutrons dominates at temperature below0 MeV. the early processes could not have much impact on

Th f th led by hvd the later processes such as the r-process nucleosynthesis
(_a ‘emperature of e mater e)fpe ed by nydro—ng strangeon kilonova. Future numerical simulations are
dynamical squeeze from the contact interface could b

) ) : ﬁecessary to explore the full processes and consequences
higher than 10 MeV, so the evaporation productions arec merging double strangeon stars

dominated by strangeons, and almost all of the ejected H distinauish d

nuggets turn into strangeons within several milliseconds. hOW tt)o 'St'r_]gu'T strangeon star_s an _nTutron starr]s
Strangeons in free space are extremely unstable and wouly the observationa conseguences 1s crucia o test the
immediately & 10-1°s) decay, and the decay Iorooluctsstrangeon star model. We find that, even if the remnant

would contain more protons than neutrons. Besides, the alczogg-l_wedﬁ_st_able Stf'ir’ the rad|_at|(.)fr1 frolm the star
temperature in the spiral arms from tidal interactionsYou'd P€ Insu |C|eqt to |ncreas)§;.5|gn| icantly, since
would be around or below 10 MeV, but would last for a Mmost of the ejecta in the equatorial plane can haye
relatively longer timescale of tens of milliseconds, whichWeII below 0.1 (lanthanide-bearing). As found in our

still leads to sufficient evaporation, and the evaporatiof'€vious work, the merger of double strangeon stars
productions are dominated by neutrons. triggering GW170817 would probably leave a long-lived
stable strangeon star. Therefore, the merging strangeon
Taking into account both the evaporation of strangeontars scenario seems to be helpful to include both a long-
nuggets and the decay of strangeons, we find that thged remnant and sufficient lanthanide-bearing ejecta.
neutron-rich matter would be ejected from the directionsConversew, for merging double neutron stars, most of
around the equatorial plane, and the proton-rich mattefhe ejecta would hav&, > 0.3 (lanthanide-free) if the
would be ejected in a broad range of angular directionsemnant survives longer than about 300 ri{sigen et al.
The r-process nuclei can be produced in the neutron-richo15. More information about the post-merger remnant
environment, leading to high opacity and heat the ejecta byt Gw170817 in the future will undoubtedly provide a

radioactive decay. Therefore, the radiation-transfec@se  stricter test for both neutron star and strangeon star rsodel
would be similar to that of merging double neutron stars.

The above statements are based on the hypothesis
We find similarities between the consequences othat the emission of neutrinos of newly born strangeon
merging strangeon stars and those of merging neutrostars is the same as that of newly born neutron stars, in
stars, although the very initial components in ejecta ofwhich case the luminosity of. is larger than that of
the former are different from those of the latter. Lightr,. The emission of neutrinos of newly born strangeon
curves are then for both low and high opacity componentsstars is still unknown, so the consequences of neutrino
under a typical model of ejecta to include the radiation+adiation from the hot strangeon stars on the ejecta and
transfer process. Under reasonable values of parametetsfus remain to be answered. It is interesting to see that
the bolometric light curves can fit the data of AT2017gfo,neutrinos could be a probe to distinguish strangeon stars
by the energy injection from a long-lived and spinning-and neutron stars, if the decay of strangeons is similar to
down strangeon star, if the total ejected mass is abouhat of hyperons. As indicated in Sectidnl, the decay
0.002 M. Although the rotational energy released by of strangeons would produce a large amount,gfwhich
the remnant during its spin-down will be transferredwould not be produced as much in neutron star mergers.
into the gamma-ray burst (GRB) jetlargalit & Metzger  This may be tested by neutrino detections, e.g., the Super-
2017, the radiation of the fast rotating remnant would beKamioka Neutrino Detection Experiment.
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The critical baryon numberl. of stable strangeon Annala, E., Gorda, T., Kurkela, A., & Vuorinen, A. 2018, Phys
nuggets, smaller than which the strangeon matter will Rev. Lett., 120, 172703
decay to ud matter, should be determined by both the weakntoniadis, J., et al. 2013, Science, 340, 6131
and strong interactions. The valug® for A, adopted in  Bauswein, A., Oechslin, R., & Janka, H.-T. 2010, Phys. Rev. D
Section2, by setting the critical size to be the Compton 81, 024012
wavelength of electrons, is actually determined by theBuballa, M., & Oertel, M. 1999, Phys. Lett. B, 457, 261
weak interaction only. If the strong interaction dominates Bucciantini, N., Drago, A., Pagliara, G., & Traversi, S. 201
A, could be much smaller, e.g., the calculations under a arXiv:1908.02501
liquid drop model indicate thatl. could be as low as Cao, Z., Chen, L.-W., Chu, P.-C., & Zhou, Y. 2020, arXiv e-
~ 10% (Wang et al. 2018 Consequently, the actual value  prints, arXiv:2009.00942
of A, might be in the range from0? to 10°. Certainly, =~ Cowperthwaite, P., et al. 2017, ApJL, 848, L17
the exact value ofl. would not affect the physical picture Cromartie, H. T., etal. 2019, Nature Astron., 4, 72

concerned in this paper. De Pietri, R., Drago, A'f Feo, A., etal. 2019, ApJ, 881, 122
. . . . Demorest, P., Pennucci, T., Ransom, S., et al. 2010, NatGre,
It is worth noting that the consequence of surviving 1081

nuggets would also be interesting. In calculating the_ ™
. Espinoza, C. M., Lyne, A. G., Stappers, B. W., & Kramer, M.
evaporation rate of strangeon nuggets, we neglect the
2011, MNRAS, 414, 1679

surface tension, since larger nuggets would emit mort?:Ulentes 3. R., Espinoza, C. M., Reisenegger, A., et al. 2017
particles and we only care about the emitted particles ASA éoé AiSl T U "
that affect the subsequent transient, then we find that &0 H’ Dir;g X., Wu, X.-F., et al. 2015, ApJ, 807, 163

small amount of large size nuggets, with initial baryon Hill, ’D_ L &V\,/he:,eler,lJ. A. .1’953,.Phys.,Rev.,’ 89, i102

24 i
number Ao > 107 produced by tidal forces and 4o B Ren, J., & Zhang, C. 2018, Phys. Rev. Lett., 120,
Ag > 10% produced by hydrodynamical squeeze, can .00,

survive evaporation. However, when the radius of a nuggekaplan, D. L., Kamble, A., van Kerkwiik, M. H., & Ho, W. C. G.

decreases te- 10° fm (with baryon number 10'?), 2011, Apd, 736, 117

the surface tension would become significant, WhiChKasen, D., Fernandez, R., & Metzger, B. 2015, MNRAS, 450,

would lower the emission rate and make it easier to 1777

survive. Moreover, although most of the baryons are IOS‘kasen, D., Metzger, B., Barnes, J., et al. 2017, Nature, 861,

during evaporation, the absorption of energy and decreasggjiwal, M., et al. 2017, Science, 358, 1559

of temperature due to evaporation may prevent furthekyikarni, S. 2005, arXiv:astro-ph/0510256

evaporation, then the strangeon nuggets with smaller | ai, X.-Y,, & Xu, R.-X. 2009a, Astropart. Phys., 31, 128

may be left as microscopic strangeon nuggets wtiy> Lai, X.-Y., & Xu, R.-X. 2009b, MNRAS, 398, L31

A.. The surviving strangeon nuggets would perform like Lai, X.-Y., & Xu, R.-X. 2010, JCAP, 05, 028

the ultra-high energy cosmic rays, and their density inLai, X.-Y., & Xu, R.-X. 2017, Journal of Physics Conference

galaxies and impact on the evolution of stars are worth Series, 861, 012027

exploring in the future. Lai, X.-Y., Yu, Y.-W.,, Zhou, E.-P,, et al. 2018a, RAA (Reselar
in Astronomy and Astrophysics), 18, 024 (Paper I)

Lai, X.-Y., Yun, C.-A., Lu, J.-G., et al. 2018b, MNRAS, 476,
3303

Lai, X.-Y., Zhou, E.-P., & Xu, R.-X. 2019, Eur. Phys. J. A, 58

Li, A., Zhu, Z. Y., Zhou, E. P, et al. 2020, Journal of High Exe
Astrophysics, 28, 19

Acknowledgements We would like to thank Dr. Shuang
Du (PKU) for useful suggestions. This work is supported
by the National SKA Program of China (Grant No.
2020SKA0120300), the National Key R&D Program
of China (Qrant No. 2017_YFA04026(_)2), the National Li. L-X., & Paczynski, B. 1998, ApJL, 507, L59

Natural Science Foundation of China (Grant NOS'Li: S.-Z.l, Liu, L.D.. Y’u, YW, ’& Zha’ng, B,. 2018, ApJL, 861,
U1831104, 11673002, U1531243, 11705163, 11822302
and 11803007), the Strategic Priority Research Progra
of CAS (Grant No. XDB23010200) and Ningbo Natural
Science Foundation (Grant No. 2019A610066). The
support provided by China Scholarship Council during a
visit by C.-J. X to JAEA is acknowledged.

Tu, J.-G., Peng, B., Xu, R.-X., et al. 2019, Sci. China-Phys.
Mech. Astron., 62, 959505

Lyne, A. G., Shemar, S. L., & Graham Smith, F. 2000, MNRAS,
315, 534

Madsen, J. 1993, Phys. Rev. D, 47, 325

Margalit, B., & Metzger, B. D. 2017, ApJL, 850, L19

References Miao, Z.-Q., et al. 2020, arXiv:2008.06932

Michel, F. 1988, Phys. Rev. Lett., 60, 677
Abbott, B. P., et al. 2017, Phys. Rev. Lett., 119, 161101



X.-Y. Lai et al.: Merging Strangeon Stars Il 250-11

Most, E. R., Weih, L. R., Rezzolla, L., & Schaffner-Bielich, 2017 (QCS2017), 011032
2018, Phys. Rev. Lett., 120, 261103 Witten, E. 1984, Phys. Rev. D, 30, 272
Paulucci, L., & Horvath, J. 2014, Phys. Lett. B, 733, 164 Wong, C. Y. 1973, Phys. Rev. Lett., 31, 766
Paulucci, L., Horvath, J. E., & Benvenuto, O. 2017, Int. Jdvlo Xu, R.-X. 2003, ApJL, 596, L59
Phys. Conf. Ser., 45, 1760042 Xu, R.-X., Lai, X.-Y., & Xia, C.-J. 2021, Astronomische
Ruiz, M., Shapiro, S. L., & Tsokaros, A. 2018, Phys. Rev. , 97  Nachrichten, 342, 320
021501 Xu, R.-X., Qiao, G.-J., & Zhang, B. 1999, ApJL, 522, L109

Shen, Q.-B. 2005, The Nuclear Reaction Theory at Low andYUs Y--W., Liu, L.-D., & Dai, Z.-G. 2018, ApJ, 861, 114

Medial Energies (in Chinese), 1st Edition, (Beijing: Scien 't Y-"W-, Zhang, B., & Gao, H. 2013, ApJL, 776, L40
Press) Zhang, C. 2020, Phys. Rev. D, 101, 043003

Smartt, S., et al. 2017, Nature, 551, 75 Zhou, A.-Z., Xu, R.-X., Wu, X.-J., & Wang, N. 2004, Astropart

Tanabashi, M., et al. 2018, Phys. Rev. D, 98, 030001 Phys., 22,73
villar, V. A., et al, 2017, ApIL, 851, L21 Zhou, E.-P,, Lu, J.-G., Tong, H., & Xu, R.-X. 2014, MNRAS,

Wang, W., Lai, X., Zhou, E., et al. 2020, MNRAS, 500, 5336 443, 2705
Wang, W-Y., Lu, J.-G., Tong, H., et al. 2017, ApJ, 837, 81 Zhou, E.-P., Zhou, X., & Li, A. 2018, Phys. Rev. D, 97, 083015

Wang, Z., Lu, J., & Xu, R. 2018, in Quarks and Compact Stars Zhu, Z.-Y., & Rezzolla, L. 2021, arXiv:2102.07721



	Introduction
	Ejection of strangeon nuggets
	Evaporation of strangeon nuggets
	Widths of Particle Emissions
	Evaporation Rate of Strangeon Nuggets
	The Fate of Strangeon Nuggets

	Strangeon kilonova
	Electron Fraction
	Two-component Ejecta
	Light Curves

	Conclusions and discussions

