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Abstract

:

We discuss the different signals, in gravitational and electromagnetic waves, emitted during the merger of two compact stars. We will focus in particular on the possible contraints that those signals can provide on the equation of state of dense matter. Indeed, the stiffness of the equation of state and the particle composition of the merging compact stars strongly affect, e.g., the life time of the post-merger remnant and its gravitational wave signal, the emission of the short gamma-ray-burst, the amount of ejected mass and the related kilonova. The first detection of gravitational waves from the merger of two compact stars in August 2017, GW170817, and the subsequent detections of its electromagnetic counterparts, GRB170817A and AT2017gfo, is the first example of the era of “multi-messenger astronomy”: we discuss what we have learned from this detection on the equation of state of compact stars and we provide a tentative interpretation of this event, within the two families scenario, as being due to the merger of a hadronic star with a quark star.
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1. Introduction


The observation, on 17 August 2017, of the coalescence of two compact objects characterized by masses in the typical neutron star (NS) range has marked the beginning of the so-called “multi-messenger astronomy” [1] (SN1987a, detected both by optical telescopes and by neutrino observatories, constitutes probably the first example of a multi-messenger astronomical event). Indeed, the merger event has provided a signal in gravitational waves (GW170817) detected by Advanced LIGO and Advanced VIRGO, that has allowed us to localize the binary constraining a sky region of    31   deg 2     and a distance of a    40  − 8   + 8     Mpc. Moreover, Fermi Gamma-ray Burst Monitor has detected a short Gamma- Ray-Burst event (GRB170817A) delayed by 1.7 s with respect to the merger time [2]. These two detections have been followed by multiple observations revealing the existence of electromagnetic (EM) counterpart of the gravitational wave (GW) event covering the entire EM bands, with signals in the X, UV, optical, IR and radio parts of the spectrum. The separated and joined analysis of these different signals can provide physical insights about open problems in theoretical physics and astrophysics which have, for years, been the subject of speculations and simulations. In particular, the study of the optical counterpart of GW170817, called kilonova (AT2017gfo) because of its peak luminosity, has finally confirmed that NS mergers host r-processes responsible of the synthesis of the most heavy nuclei. Moreover, it has provided information about the amount and features of the ejecta and these could finally give constraints about the importance of the different ejection mechanisms and of the features of the progenitors [3,4].




2. State of the Art before 17 August 2017


2.1. Expectations from the GW Signal


The merger of two compact stars represents one of the most powerful sources of GWs [5]. The process of a merger can be divided into three main stages: the inspiral phase, the coalescence phase and the post merger phase; each of these phases has its own specific waveform which in turn is determined by different physical quantities such as the total mass of the binary, the mass asymmetry, the spin of the two stars, the orbital parameters and, finally, the internal structure of the two stars. During the inspiral phase, the GW’s signal is characterized by the chirp mass    M =    (  m 1   m 2  )   3 / 5     (  m 1  +  m 2  )   1 / 5       where    m 1    and    m 2    are the masses of the two stars (it is customary to label with    m 2    the smaller of the two masses). The detection of this part of the signal allows therefore to measure   M   and to determine, with good accuracy, the total mass of the system    M =  m 1  +  m 2    . This is due to the fact that from astrophysical observations and from supernovae numerical simulations one can infer that     m 2  ≥ 1.1   M ⊙    . Similarly, the asymmetry parameter    q =  m 2  /  m 1     is likely to be larger than about 0.6. During most of the inspiral phase one can assume the two stars to be point like sources but when they are at a distance comparable to their radius their finite size can significantly modify the GW signal. Indeed, part of the potential energy of the binary is spent in perturbing the structure of the stars. In turn this leads to an acceleration of the inspiral dynamics with respect to the case of point-like sources (or with respect to the case of the merger of two black holes (BHs)) The physical quantity which parametrizes this effect is the tidal deformability   Λ   of the two stars [6]. In general, at fixed mass, the larger the radius of the star the larger the value of   Λ  , the larger is the deviation of the GW signal from the case of point-like sources. Potentially, a precise measurement of the final part of the inspiral phase could lead to very interesting constraints on the radii of the merging compact stars.



Finally, let us discuss the outcome of the merger and the corresponding GW signal. A first possibility is that, when the two compact objects merge, a BH is promptly formed, within a time scale of the order of 1 ms. Correspondingly, the GW signal rapidly switches off. There have been many numerical studies on the conditions for obtaining a prompt collapse [7,8,9,10]. A remarkable result is that the value of M above which the remnant collapses rapidly to a BH,    M threshold   , depends strongly on the equation of state of dense matter. In particular in References [9,10], it has been shown that the ratio between    M threshold    and the maximum mass of the cold and non-rotating configuration    M TOV    to good accuracy scales linearly with the compactness of the maximum mass configuration. This implies that once GW will be detected from mergers, this will allow us to measure    M threshold   , and to obtain precious information on the structure of cold neutron stars and thus on the equation of state of dense nuclear matter.



If the remnant does not collapse immediately there are three possible outcomes of the merger: a hypermassive star (i.e., a configuration which is stable only as long as differential rotation is not completely dissipated), a supramassive star (i.e., a configuration which is stable only as long as rigid rotation is present) and finally an initially differentially rotating star which is stable even without rotation. In all these cases, the remnant, during the so called phase of the ring-down, will also emit a powerful GW signal although with a spectrum qualitatively very different from the inspiral phase signal. In References [11,12,13,14], such a spectrum has been studied as obtained from different numerical simulations and the dominant frequencies have been singled out. Again, these frequencies depend strongly on the equation of state: potentially, if at least one of those modes could be detected one could constrain the radius of the    1.6   M ⊙     configuration within a few hundreds meters [15]. One should notice, however, that, in general, the ring-down signal lies in a frequency range above the kHz for which the sensitivity of LIGO and VIRGO is reduced.




2.2. Mechanisms Describing the Prompt Emission of Short GRB and the Extended Emission


The problem of finding the inner engine of short GRBs is linked to the need to overcome two difficulties: first, the generation of a jet with a large Lorentz factor implies a clean environment and therefore a mechanism able to reduce the baryonic pollution is needed; second, some but not all of the short GRBs display an Extended Emission (EE), similar to the quasi-plateau emission observed in the case of long GRBs and lasting up to    10 4    s (or even more in a few cases), suggesting that the inner engine does not switch-off completely after a fraction of a second.



Concerning the way to reduce the baryonic pollution, two mechanisms have been suggested: one is based on the formation of a Black-Hole, so that baryonic material stops being ablated from the surface of the stellar object formed immediately after the merger [16]; the other suggested mechanism is based on the formation of a Quark Star (QS) and, in this case also, baryonic material cannot be ablated once the process of quark deconfinement has reached the surface of the star [17].



Concerning the origin of the EE, again two mechanisms have been proposed. One is based on the formation of a proto-magnetar and describes the EE in a way similar to the emission of a pulsar [18,19,20]. One needs to assume that after the merger a supramassive star (or even a totally stable star) is formed, since the collapse to a BH needs to be delayed at least by the time associated with the duration of the EE. This mechanism is able to reproduce in a very accurate way the light-curves of the EE, just by using two parameters, the strength of the magnetic field (which needs to be of the order of about    10 15   –   10 16    G, and the rotation period (which needs to be of the order of a few milliseconds, or shorter). The second mechanism is based on the formation of an accretion disk around the BH [21]: although this possibility cannot be ruled out, no attempt at modeling the EE within this scheme has been made up to now.



Since most of the sGRBs do not display any EE, it is quite natural to assume that most of them are associated with the formation of a BH in less than a second and that in those cases no EE, due to an accretion disk, is produced. Assuming that the EE is explained via a protomagnetar model, two possibilities exist for describing the sGRBs with EE. The first possibility assumes that the prompt emission is due to the formation of a BH. Since the EE is observed after the prompt emission, this scenario needs a “time-reversal” mechanism, so that the EE produced before the collapse to a BH is observed after the prompt emission which is produced when the BH forms [22,23]. The time-reversal is associated to the time needed for the soft EE to leak out of the thick cocoon surrounding the protomagnetar. Instead, the strong prompt emission is emitted soon after the BH is formed and the cocoon exists along the rotation axis. The second possibility is that a QS forms instead of a BH. In this case, the prompt emission takes place when the process of quark deconfinement has reached the surface of the star reducing the baryonic pollution and the EE is due to the proto-magnetar that in this case is a QS [17]. Notice that these two possibilities can be easily distinguished by observations. The “time-reversal” mechanism implies that the prompt emission takes place after the protomagnetar collapses to a BH and therefore the time-separation between the moment of the merger (observed in GWs) and the prompt emission (observed in x- and   γ  -rays) is of the order of the duration of a supramassive star, i.e., it is easily larger than    10 3   –   10 4    s. Instead the mechanism based on the formation of a QS requests a time separation between merger and prompt emission of the order of about 10 s, needed for the deconfinement front to reach the surface of the star. This a relevant example of multimessenger analysis at the base of proposals such as the THESEUS mission [24].




2.3. Ejected Mass from NS Mergers, R-Processes and EM Signal


The question about the correct astrophysical mechanism that could be at the base of the r-process nucleosynthesis represents one of the subjects on which physicists have been focusing in the last decade. The first attempt to explain the mystery was to indicate the process of core collapse supernovae (CCSN) as the ideal environment in which r-processes could take place [25]. However, recently, detailed calculations have shown that CCSN does not appear to host the right conditions to create the most neutron-rich nuclei [26,27,28,29]. In particular, it seems to be especially difficult for core-collapse supernovae to produce what is known as the “third-peak”. These results have pushed the researchers to try to find other possible astrophysical sources which can be responsible for a sufficient emission of matter in the right conditions for r-processes to happen. In the following we discuss the possibility that r-processes take place during the merger.



2.3.1. Ejection Mechanism and Features of the Outgoing Fluid


Binary neutron star (BNS) mergers can result in the ejection of neutron-rich matter, by means of several different possible processes. A classification of the different components of the ejecta has already been made in 2015 by Hotoketzaka and Piran [30]: the main sources are a dynamical ejection and a later ejection of part of the disk formed around the remnant because of neutrino or viscous heating.



The dynamical ejection is due to two different physical mechanisms: the first one is the tidal deformation of the NS, a consequence of the gravitational field that is not axisymmetric; the matter gains sufficient angular momentum and the ejection, mostly in the equatorial plane, starts before the collision and ends about 10 ms after the merger [31]. This material is characterized by a very low electron fraction,     Y e  < 0.1    [32,33] which can eventually be increased by means of weak reactions in few ms after the merger [34]. The second is the shock that is formed at NSs interface, which spreads the crust material. Also, in the envelope of the remnant, a shock is produced by radial oscillations giving to some fraction of matter the sufficient energy to be ejected. The shock component could be dominant in the case of equal-mass binaries and can also be ejected in the polar direction. The electron fraction is predicted to be higher with respect to the tidal component with values in the range    0.2 <  Y e  < 0.4    [32,33,34]. This difference is caused principally by the higher neutrino flux which characterizes the polar direction with respect to the equatorial one: indeed electron (anti)neutrino, electron and positron captures can have a deep influence on the evolution of the electron fraction of the ejecta [35]. The dynamically ejected fluid is characterized by a velocity that can reach values of    β ∼    0.2–0.3.



After the merger, some of the ashes of the NSs surround the central part forming a disk of mass in the range     10  − 3    M ⊙  <  M  d i s k   < 0.3   M ⊙     [8,36,37]. Part of this disk can generate an outflow caused by viscous or neutrino heating, whose features are characteristic of the type of remnant. If the remnant is a NS the outflow depends also on its lifetime. The strong magnetic fields present at this stage can also play a role. The amount of ejecta is estimated to vary from 5 to 20% of the mass of the disk. This ejecta is usually characterized by lower velocities with respect to the dynamical one reaching a maximum value of about 0.1 c [38]. The electron fraction of this type of ejecta, initially quite low (∼0.1), can be significantly modified by neutrinos, finally spanning in a range 0.05–0.5 with a distribution which depends on the equation of state employed [32].



Many general relativistic (GR) hydrodynamical simulations of the merger have been performed in order to describe the features of these different kind of ejecta, to evaluate the total amount of material expelled during the phases of the merger and to study the dependence of the results on the features of the binary and on the equation of state describing the NSs.



Concerning the dynamically ejected mass, its tidal component depends on the tidal deformability   Λ  : the stiffer the equation of state (EoS), the larger the value of   Λ   and the larger the amount of tidally ejected mass. On the other hand, the compactness of the stars can influence the shock produced at the merger, and also the quantity of material that can be spread out at the moment of the merger. Soft EoSs determine a larger impact velocity and so it is plausible that the correspondent shock and ejected mass will be higher [39]. Concerning the amount of mass ejected from the disk, it is limited by the mass of the disk which in turn depends on the life time of the hypermassive star. Therefore, this component is larger for stiffer equations of state [40]. Future detections of kilonovae will allow to disentagle the various components providing crucial information for nuclear physics [24].



Finally, the amount of ejected matter is deeply influenced by the degree of asymmetry of the binary q. For more asymmetric binaries, the unbound material is larger than in the symmetric case. This result can be explained in terms of the bigger effect of the tidal force that cause the lighter star to be deformed to a drop-like object and, after the merger, to be stretched leading to the formation of a pronounced tidal tail. Also the average electron fraction is influenced by the degree of asymmetry: the effect is particularly strong for soft EOS and it manifests itself as a decrease of the electron fraction of the ejecta with the increase of the mass asymmetry [41].




2.3.2. R-Processes


The ejected mass is reprocessed and through r-processes can in principle generate the distribution of heavy nuclei. It is an open question whether NSs mergers eject an amount of matter sufficient to explain the observed abundances. For these reasons, plenty of simulations have been performed in order to reproduce the path of r process nucleosyntesis: the reaction network included nuclear species between the stability valley and the neutron drip line and considered neutron captures, photodisintegration reactions together with fission and   β  -decay reactions [39,42,43,44,45,46]. The comparison between the solar abundances as a function of mass number A and the results of these simulated nucleosyntesis (in which the quantity of ejected mass is of the order of    10  − 3    –    10  − 2      M ⊙     and the merger rate for galaxy is set in a range    10  − 5    –    10  − 4    y  r  − 1     ) shows a good agreement in the regime    A > 120   –140, i.e., a region corresponding to the second and the third peak.



The ability of the simulations to reproduce the abundances of the elements lying between the first and the second peak depends on the obtained distribution of the electron fraction of the ejecta and on the inclusion of the entire network of possible weak interactions. Indeed in References [39,42,43] only the dynamically ejecta are considered while in [46], the outflow of material from the disk is also studied, but all the simulations fail to reproduce the abundances for    A < 120    because of the low electron fraction attributed to ejecta as a result of neglecting the neutrino absorption processes. In [35], the authors include also the weak interaction of free neutrons obtaining a significant fraction of material with     Y e  = 0.3 − 0.4    responsible for the production of nuclei in the range    A = 90   –140.




2.3.3. EM Counterpart


A probe of the amount of ejected mass and of the realization of the r-process chains in NS mergers can be the analysis of the EM signal predicted to be associate with this phenomenon [47,48]. The maximum of the luminosity takes place just after the photons can escape the expanding ejecta whose density is reducing. A typical timescale is of the order of 1 day while the luminosity ∼   10 42    erg s     − 1    , three orders of magnitude larger than the Eddington luminosity for a solar mass star: for this reason this EM events are called kilonovae. The spectral peak can vary in the IR/optical/ nearUV wavelengths. The timescale    t  p e a k    , the luminosity    L  p e a k     and the effective temperature    T  p e a k     of the signal depend on the amount    M  e j    , the velocity v and the opacity k of the ejecta [48]:


    t  p e a k   ∝      k  M  e j    v    1 2    ,    L  p e a k   ∝      v  M  e j    k    1 2    ,    T  p e a k   ∝     v  M  e j      −  1 8     k  −  3 8      











These dependences on the features of the ejecta could translate into an influence of the EoS of NS: an EoS which produces more ejecta will lead to a brighter optical counterpart, peaked on longer timescales and with longer peak wavelengths [39].






3. GW170817-GRB170817A-AT2017gfo


3.1. Analysis of the GW Signal


The signal detected by the LIGO-VIRGO collaborations [49] corresponds to the emission of GWs from an inspiral binary with a chirp mass    M =  1.188  − 0.002   + 0.004     M ⊙     which implies a total mass    M =  2.74  − 0.02   + 0.04     M ⊙     (under the hypothesis that the spins of the two stars are compatible with the ones observed in binary neutron stars, “low spin case”). In turn, the masses of the components are in the range 1.17–   1.6   M ⊙    , strongly suggesting that the merger was between two NSs. Although the source is quite close, 40 Mpc, it has not been possible to follow the GW signal up to the merger and during the ring-down phase [50]. However, a very useful upper limit on the value of the tidal parameter    Λ ˜    (which depends on the tidal deformabilities and the masses of the two stars) has been set:     Λ ˜  < 800    at the    90 %    level in the low spin case. This constraint is basically model-independent and it allows ua to already rule out a few very stiff equations of state such as MS1 and MS1b which are based on relativistic mean field calculations [51].



What happened during the first few milliseconds after the merger is unclear. Even if not completely excluded, the possibility that the merger has led to a prompt collapse seems to be very unlikely because in that case it would be difficult to explain the observation of the electromagnetic counterparts of GW170817. Actually, one can infer that the post-merger remnant is most probably a hypermassive star: a supramassive star or a stable star would inject part of its huge kinetic rotational energy into the GRB or into the kilonova on a long time scale and there is no evidence, in the observed signals, of such an energy injection [52]. This implies that the total energy of the binary, which can be estimated to be of the order of    95 %  M    (assuming the gravitational binding energy of the binary to be ∼   5 %  M   ) is larger than the maximum mass of the supramassive configuration    M supra   . Several numerical calculations on rotating compact stars have shown that    M supra    is to good accuracy ∼   1.2   M TOV     [53]. Combining these results one therefore obtains that     M TOV  < 2.2   M ⊙    . This simple estimate is in agreement with the results of References [52,54,55] and it again disfavors very stiff equations of state which predict maximum masses above    2.2   M ⊙     such as e.g., DD2 [56].



If the remnant is a hypermassive star, another constraint can be obtained by imposing that the total energy of the binary is lower than the maximum mass of the hypermassive configuration. This study has been performed in [57] and it allows us to rule out extremely soft equations of state: it has been found that the radius of the    1.6   M ⊙     configuration must be larger than about    10.7    km.



To summarize, the first detection of GWs from binary neutron stars has already allowed us to exclude a few examples of dense matter equations of state. In particular, very stiff equations of state based only on nucleonic degrees of freedom seem to be unfavored. We will discuss in the last section how this result actually suggests that strange matter must appear in some form in compact stars.




3.2. The Weak Gamma Emission of GRB170817A: Was it a Standard Short GRB?


As already discussed above, short GRBs are assumed to originate from the merger of two NSs. In the case of the event of August 2017 the GW signal clearly indicates that a merger did take place, but, on the other hand, the gamma-ray emission was delayed by approximately two seconds with respect to the moment of the merger and the observed signal was much weaker than the one of a typical short GRB. It is also relevant to stress that no extended emission was observed, likely indicating that a supramassive star did not form after the merger.



There are two main possible interpretations of the event. The first one assumes that the emission was intrinsically sub-luminous and quasi-isotropic [58,59]. The second one assumes instead a standard short GRB emission, that was observed off-axis [60]. While at the moment, about a hundred days after the event, both possibilities can explain the data, the analysis of the future time-evolution of the synchrotron emission will ultimately be able to distinguish between these two scenarios, telling therefore if GRB170817A was a standard short GRB seen off-axis or if it belongs to a new class of phenomena [61].



Even though at the moment the mechanism which launched GRB170817A is still unclear, some strongly energetic emission in   γ   and in x-rays was produced and this indicates that the merger did not collapse instantaneously to a BH. There are explicit simulations indicating that if a jet needs to be formed, the object produced in the post-merger needs to survive for at least a few tens of milliseconds [62]. As discussed in the following, the analysis of the kilonova emission also indicates that the result of the merger did not collapse immediately to a BH: a relevant amount of matter was likely emitted from the disk on a time-scale incompatible with an almost instantaneous collapse. This is a very important point to take into account when discussing the possible models for the merger, as we will do in the last section.




3.3. Electromagnetic Signal and Mass Ejection


3.3.1. Analysis of the Optical Transient


On 17 August 2017, the observation took place of the first electromagnetic counterpart to a gravitational wave event attributed to a merger of two NSs. The data in UV, optical and NIR bands extend for a time interval from 0.47 to 18.5 days after the merger and are consistent with a kilonova signal predicted to be associated with a NS merger.



The early spectrum is dominated by a blue component. Over the first few days, the spectra shows a rapid evolution to redder wavelengths: at 1.5 days after merger the optical peak is located around 5000 A and already at 2.5 days it shows a shift to 7000 A, evolving to ∼7800 A at 4.5 days and going finally out of the optical regime in the interval between 4.5 and 7.5 days after the merger. By 10 days the wavelength is >15,000 A. [63]. Moreover, the rate of the decline is observed to change for the different bands belonging to the observed kilonova spectrum: while the decline appears to be quick in the ug band (blue) with a rate of ∼2 mag day, the rizY (red) and the HKs (NIR) bands show a smoother decay causing the spectrum to be dominated by red at late time [64]. The initial luminosities, ∼   5 ×  10 41     erg s     − 1     at 0.6 days and ∼   2 ×  10 41     erg s     − 1     at 1.5 days, and the short timescale (∼1 day) are consistent with the model called Blue KN: this kind of emission was first proposed by Metzger et al. [48] and subsequently developed as the signal associated to different kinds of matter likely to be ejected during or post merger [65,66]: in [65] the authors analyzed the tidal tails formed during the merger while in [66] is presented a study of the outflow from the remnant in the case of a delayed (>100 ms) BH formation. All this analysis have in common the very low opacity attributed to the ejected mass with values in a range from    k = 0.1    to    k = 1    cm    2   s     − 1    , typical of material containing Fe-group or light r-process nuclei characterized by    A < 140   . Therefore, the Blue KN signal is likely to be associated with r-processes responsible of the formation of nuclei lying between the first and the second peak.



Conversely, the late EM emission, which dominates at longer timescales ∼a week and shows a lower luminosity ∼   10 40   –   10 41   erg s     − 1     fits well with the so called Red KN model [64]: in [67,68,69,70] it was first presented the study of the effect of higher opacity of the ejecta on the resulting KN emission. This high opacity (k up to 10 cm    2   s     − 1    ) is attributed to the presence of Lanthanide elements, heavy nuclei with    A > 140   , so the Red KN represents an indication of nucleosyntesis reactions filling the third peak of r-processes.



These observational evidences suggest the presence of material characterized by a not unique value of the opacity and therefore a different content of Lanthanides. Despite the fact that a single component ejecta with a power-law velocity distribution and a time-dependent opacity (studied with an analytical model in [71]) cannot be excluded, the most accredited hypothesis is the existence of at least two components of the ejecta, a Lanthanide poor (for the Blue KN) and a Lanthanide rich (for the Red KN) component [66,72]. This conclusion is also suggested by the fact that the blue component is not obscured by the red one, a clue of the need of distinct regions and angles of emission for the material with different opacity values. This also means that these two components can be attributed to distinct sources [64].



The duration and effective temperature of the KN emission have been studied with models outlined in [68,73] allowing to indicate the mass, velocity and opacity of the ejecta as fitting parameters. The result is that the signal is consistent with a two component model. It consists of: a Blue component with     M  e j  B  ∼ 0.01 −   few    0.01    M ⊙    , velocity     v  e j  B  = 0.27   –0.3 c and opacity     k B  = 0.5    cm    2   s     − 1     requiring a Lanthanide fraction of ∼   10  − 4     to    10  − 5     in the outermost ejecta [63,64]; a Red component with     M  e j  R  ∼    0.04      M ⊙    , velocity     v  e j  R  = 0.12    c and opacity     k R  = 3.3    cm    2   s     − 1     requiring a Lanthanide fraction of ∼   10  − 2     [64,74].



Another model able to fit the data is characterized by three components: a Blue one with     M  e j  B  ∼    0.01      M ⊙    , velocity     v  e j  B  = 0.27    c and opacity     k B  = 0.5    cm    2   s     − 1    ; a Purple one with     M  e j  P  ∼    0.03      M ⊙    , velocity     v  e j  P  = 0.11   c and opacity     k P  = 3    cm    2   s     − 1     and a Red one with     M  e j  R  ∼    0.01      M ⊙    , velocity     v  e j  R  = 0.16    c and opacity     k R  = 10    cm    2   s     − 1     [64].




3.3.2. Role of Different Ejection Mechanisms


The different opacities of the Red and Blue (and eventually Purple) KN, attributed to a different Lanthanide fraction can be directly connected to the electron fraction of the ejected matter,    Y e   : a lower electron fraction corresponds to the ability to synthesize heavier nuclei, so to a bigger concentration of Lanthanides and, as a consequence to a greater opacity. The    Y e    of the ejecta depends in turn on the direction and of the mechanism at the base of the ejection [72].



The Blue component KN, characterized by a very low opacity, has to find its origin in a Lanthanide-poor material with an electron fraction >0.25–0.3: this kind of matter can be ejected dynamically by means of the shock generated at the contact surfaces of the two stars at the moment of the merger [32,34,35,39]; the ejecta is expected to be be found within an angle between 30    ∘    and 45    ∘    [33,41], with respect to the polar axis where the neutrino flux is more intense and so neutrino absorption plays a central role in raising the electron fraction above a value of     Y e  > 0.25    [40,68]. Moreover, if the remnant of the merger survives as an hypermassive NS , a disk is formed around it which reaches a stable configuration in a few tens of milliseconds while a neutrino-driven wind is formed at a time of ∼10 ms [75]. This wind is responsible for the ejection of about the 5% of the mass of the disk, mostly in the polar direction. Simulations reveal that in this direction the large neutrino flux raises the electron fraction up to a distribution which peaks at     Y e  = 0.3   –0.4, so wind also gives rise to a low-opacity ejecta [75,76]. The features which mostly distinguish the two different mechanism is the resulting velocities, 0.2–0.3 c for the dynamical ejecta while lower for the wind ejecta, v    < 0.1    c [38,75,76].



The velocity attributed to the Blue component, 0.27–0.3 c, represents an important proof of its dynamical origin, but while some authors suggest that the shock represents the exclusive mechanism for this low opacity signal [63,64], others view this component as a possible result of a union of the dynamical and wind ejecta [40]. In the first case, the required amount of ejected matter, ∼10      − 2      M ⊙     implies the need for a soft EoS in order to reach a high velocity at the impact of the two compact objects: this suggest an upper limit on the NS radius of about 12 km or less [63].



The second hypothesis, instead, does not require such a tight limit on the radius.



Regarding the higher opacity of the Lanthanide richer Red component, the largely accepted interpretation indicates the dynamical mechanism of tidal ejection in the equatorial plane (within an angle of 45    ∘   –60    ∘   ). The squeezed out material is indeed characterized by a very low electron fraction <0.1 [31,32,33] giving rise to a Red-NIR spectrum with a longer timescale [67,68]. The large amount of mass inferred from the data can be an indication of a high degree of asymmetry of the binary [64]. However, to explain the component characterized by an opacity of ∼3 cm    2   g     − 1     and a very large ejected mlies, we need a soft EoS in order to reach a high velocity at the impact of the two compact objects: this suggests an upper limit on the NS radius of about 12 km or less [63]. The second hypothesis, instead, does not require such a tight limit on the radius.



Regarding the higher opacity of the Lanthanide richer Red component, the largely accepted interpretation indicates the dynamical mechanism of tidal ejection in the equatorial plane (within an angle of 45    ∘   –60    ∘   ). The squeezed out material is indeed characterized by a very low electron fraction <0.1 [31,32,33] giving rise to a Red-NIR spectrum with a longer timescale [67,68]. The large amount of mass inferred from the data can be an indication of an high degree of asymmetry of the binary [64]. However, to explain the component characterized by an opacity of ∼3 cm    2   g     − 1     and a very large ejected mass, which can be considered as part of the Red KN or a distinct Purple KN, it is also necessary to take into account the disk outflow.



First of all, the wind ejecta for angles >30    ∘    are less affected by the neutrino flux maintaining an electron fraction     Y e  ∼    0.25–0.3 and fitting the required opacity [70,75,77]. At the same time, a contribution can also come from the secular ejecta which affects all the solid angles, but which is equatorial dominated: this viscous-driven ejection can result in the expulsion of up to 30% of the mass of the disk and the    Y e    of the material depends on the lifetime of the HMNS with respect to that of the disk (∼ten of ms). In the case of a long-lived HMNS the electron fraction can reach values between 0.2–0.5 with peaks at ∼0.3–0.4 while if the collapse to a black hole happens earlier     Y e  <    0.3–0.4 [78].



In [40] ( three component model), and in [64], the authors suggest that the intermediate opacity component of the KN signal can be, indeed, explained by means of the early viscosity driven secular ejection: this will imply a short-lived remnant (∼30 ms) and a massive disk ∼0.08      M ⊙    . These two statements point to different directions concerning the features of the EoS: on one side a soft EoS will prevent the remnant to form a long-lived massive neutron star, but on the other side, the greater value of tidal deformability associated to a stiffer EoS will determine the formation of more pronounced tidal tales and thus a more massive disk around the remnant. On the other hand, the upper limit imposed on the tidal deformability by the gravitational waves measurement (see Section 3.1 for details) and the absence of a prompt collapse to BH exclude extremely stiff or extremely soft EoS, respectively. This seems to suggest an EoS is characterized by an intermediate softness.



To summarize, the situation concerning the mechanisms at the base of the kilonova (and of the GRB) is still not settled. In the following we will shortly discuss the global interpretation of the event of August 2017 at the light of the two-families scenario.






4. A Different Hypothesis: A Hadronic Star–Quark Star Merger


The event GW170817 and its electromagnetic counterparts have been generated from the coalescence of two compact stars. In the standard scenario, only one family of compact stars exists, namely the family of stars composed entirely by hadronic degrees of freedom. However, there are some phenomenological indications of the possible existence of a second family of compact stars which are entirely composed by deconfined quarks, namely QSs, see References [79,80,81]. In this scenario, the first family is populated by hadronic stars (HSs) which could be very compact and “light” due to the softness of the hadronic EoS (with hyperons and delta resonances included) while the second family is populated by QSs which, on the other hand, can support large masses due to the stiffness of the quark matter EoS.



In this scheme, a binary system could be composed of two HSs, two QSs or finally an HS and a QS. Let us discuss these three possibilities in connection with the phenomenology of GW170817.



The threshold mass    M threshold    for an HS–HS, i.e., the limit mass above which a prompt collapse is obtained, has been estimated to be ∼   2.7   M ⊙     [82], on the base of the the study performed in [15]. This value is smaller than the total binary mass M inferred from GW170817 [49] and therefore the hypothesis that the binary sytems were an HS–HS system is disfavored within the two families scenario. Also, the possibility that the system was a double QS binary system is excluded because in that case it would be difficult to explain the kilonova which is powered by nuclear radioactive decays: even if some material is ejected from the QSs it is not made of ordinary nuclei and therefore cannot be used inside an r-process chain to produce heavy nuclei. Conversely, the case of a HS–QS merger, in which the prompt collapse is avoided by the formation of a hypermassive hybrid configuration, becomes the most plausible suggestion in the context of the two families scenario [82].



Let us briefly discuss which the possible evolutionary paths are that can lead to the formation of such a mixed system.



The formation of a double compact object like the source of GW170817 is more probable in isolated binary evolution than through dynamical interactions in dense stellar systems [83]. In such a case, a common envelope phase [84] is typically necessary to shorten the orbital period and to allow for the merger to occur within the Hubble time. This phase, in a typical double NS formation route, occurs after the formation of the first compact object [85]. Additionally, the companion may fill its Roche lobe again due to an expansion on the Helium main-sequence and commences a mass transfer phase. Therefore, it is natural to expect that the compact object which formed first may obtain a significantly higher mass than its counterpart. If the total mass of a double compact object is about    2.7   M ⊙     or higher, the heavier compact object may reach the mass of ∼ 1.5–1.6   M ⊙   ., which in the two-families scenario marks the threshold for deconfinement and the formation of a QS [79]. The secondary cannot accrete mass from the primary, which is already a compact star. Moreover, it has lost a large fraction of mass in the interaction. Therefore, its pre-SN mass will be relatively low and, consequently, its post-SN mass will not be significantly different from the lower limit of a newborn NS    ∼ 1.1   M ⊙    ; see e.g., [86]. This implies that in the two-families scenario, the binary evolution may favor the situation in which GW170817 is a HS–QS binary rather than a HS–HS. This issue will be further investigated in a forthcoming paper.



Under the hypothesis that the event seen in August 2017 is due to the merger of a HS–QS system, we need now to discuss the possible explanations of the different features seen in the gravitational and electromagnetic signals. First, the gravitational wave signal has clearly indicated that extremely stiff EoSs are ruled out: the limit put on    Λ ˜    is fulfilled only if the radii of the two stars are smaller than about    13.4    km (see the analysis of Ref. [87]). Both HSs and QSs satisfy this limit [79,88], see also Ref. [89] where the tidal deformabilities of HSs and QSs have been computed.



Second, the emission of GRB170817A is probably connected with the formation of a relativistic jet which is launched by a BH-accretion torus system. The scenario discussed in [17] concerns short GRB featuring and extended emission which has not been observed in this case. In our scenario, the compact star which forms immediately after the merger is a hypermassive hybrid star in which the burning of hadronic matter is still active. We expect such a system to collapse to a BH once the differential rotation is dissipated. The sGRB would be produced by the same mechanism studied in References [16,90].



Let us finally discuss the properties of the observed kilonova within our scenario. Perego et al. [40] suggest an effective two components model in which the opacity of the secular ejecta is predicted to be very low (∼1 cm    2   s     − 1    ), comparable to that of the wind component. This hypothesis has two major consequences: the lifetime of the remnant must be sufficiently long in order to allow weak reactions to raise the electron fraction to >0.3 and the tidal ejecta must give a very relevant contribution.



Both these requirements can be fulfilled in the context of the HS–QS merger; indeed the hybrid star configuration predicted by this model can survive as a hypermassive configuration for a time of the order of hundreds of ms. Moreover, for an asymmetric binary, characterized by    q = 0.75   –0.8, the predicted tidal deformability of the lightest star (the hadronic one) can reach value of ∼500. This quite high value of   λ   together with the supposed high asymmetry of the binary can result in a relevant contribution of the tidal effect on the total ejected mass. This allows to explain the third peak of r-processes and the Red KN without the need of a high opacity secular ejecta (notice also that the value    λ ∼    500 is largely above the lower limit derived from the analysis of the EM counterpart performed in [91]).



It is worth noticing that another possibility has been proposed which is able to explain the data from GW170817 and which also makes use of the formation of quark matter in compact stars: it is based on the so-called “twin stars scenario” and is discussed in Reference [92]. In that case, the binary system is composed of a purely hadronic star and of a hybrid star, because two hadronic stars would be excluded by the tidal deformability constraint. Notice that these two scenarios provide different predictions on a variety of phenomena. First, in Reference [17] it has been shown the two-families scenario can describe the prompt emission of short GRBs displaying also an extended emission (see Section 2.2). The mechanism described in that paper cannot be adapted to the twin stars scenario. Second, a prediction of the two-families scenario is the possibility of a prompt collapse also for small-mass binaries, if they are both hadronic stars [82]. Again, this possibility does not exist within the twin-stars scenario.



In conclusion, despite the need of hydrodynamical simulations in order to make more quantitative predictions, the HS–QS merger can represent a viable way to explain the features of the GW170817, GRB170817A and AT2017gfo.
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