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Abstract. We have sub-classified short and long-duration gamma-ray bursts (GRBs) into
seven families according to the binary nature of their progenitors. Short GRBs are pro-
duced in mergers of neutron-star binaries (NS-NS) or neutron star-black hole binaries
(NS-BH). Long GRBs are produced via the induced gravitational collapse (IGC) sce-
nario occurring in a tight binary system composed of a carbon-oxygen core (COcore) and
a NS companion. The COcore explodes as type Ic supernova (SN) leading to a hypercriti-
cal accretion process onto the NS: if the accretion is sufficiently high the NS reaches the
critical mass and collapses forming a BH, otherwise a massive NS is formed. Therefore
long GRBs can lead either to NS-BH or to NS-NS binaries depending on the entity of
the accretion. We discuss for the above compact-object binaries: 1) the role of the NS
structure and the nuclear equation of state; 2) the occurrence rates obtained from X and
gamma-rays observations; 3) the predicted annual number of detections by the Advanced
LIGO interferometer of their gravitational-wave emission.

1 Introduction

There has been a traditional phenomenological classification of gamma-ray bursts (GRBs) based on
the observed prompt duration, T90: long GRBs for T90 > 2 s and short GRBs for T90 < 2 s[1–5].
Progress has been made in the meantime in the understanding of the nature of both long and short
GRBs leading to a physical, instead of empirical, classification of GRBs based on the progenitor
systems [6–8].
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1.1 Long GRBs

In the case of long GRBs we stand on the induced gravitational collapse (IGC) scenario that intro-
duces as their progenitors short-period binaries composed of a carbon-oxygen core (COcore) with a NS
companion [9–15]. The core-collapse of the COcore, which forms a NS as central remnant (hereafter
νNS), leads also to a SN explosion that triggers a massive, hypercritical accretion process onto the NS
companion. The parameters of the in-state, i.e. of the COcore-NS binary, lead to two sub-classes of
long GRBs with corresponding out-states [6]:

• X-ray flashes (XRFs). Long bursts with Eiso � 1052 erg are produced by COcore-NS binaries with
relatively large binary separations (a � 1011 cm). The accretion rate of the SN ejecta onto the NS
in these systems is not high enough to bring the NS mass to the critical value Mcrit, hence no BH
is formed. The out-state of this GRB sub-class can be either a νNS-NS binary if the system keeps
bound after the SN explosion, or two runaway NSs if the binary system is disrupted.

• Binary driven hypernovae (BdHNe). Long bursts with Eiso � 1052 erg are instead produced by more
compact COcore-NS binaries (a � 1011 cm, see e.g., Refs. [13, 15]). In this case the SN triggers
a larger accretion rate onto the NS companion, e.g. � 10−2–10−1 M� s−1, bringing the NS to its
critical mass Mcrit,[11–13] namely to the point of gravitational collapse with consequent formation
of a BH. Remarkably, in Ref. [14] it was recently shown that the large majority of BdHNe leads
naturally to NS-BH binaries owing to the high compactness of the binary that avoids the disruption
of it even in cases of very high mass loss exceeding 50% of the total mass of the initial COcore-NS
binary.

In addition, it exists the possibility of BH-SNe.[6] Long burst with Eiso � 1054 erg occurring in
close COcore-BH binaries in which the hypercritical accretion produces, as out-states, a more massive
BH and a νNS. These systems have been considered in Ref. [6] as a subset of the BdHNe but no
specific example have been yet observationally identified.

1.2 Short GRBs

There is the consensus within the GRB community that the progenitors of short GRBs are mergers
of NS-NS and/or NS-BH binaries (see, e.g., Refs. [16–19], and Ref. [20], for a recent review).
Similarly to the case of long GRBs, in Ref. [6] short GRBs have been split into different sub-classes:

• Short gamma-ray flashes (S-GRFs). Short bursts with energies Eiso � 1052 erg, produced when
the post-merger core do not surpass the NS critical mass Mcrit, hence there is no BH formation.
Thus these systems left as byproduct a massive NS and possibly, due to the energy and angular
momentum conservation, orbiting material in a disk-like structure or a low-mass binary companion.

• Authentic short gamma-ray bursts (S-GRBs). Short bursts with Eiso � 1052 erg, produced when
the post-merger core reaches or overcome Mcrit, hence forming a Kerr or Kerr-Newman BH,[8] and
also in this case possibly orbiting material.

• Ultra-short GRBs (U-GRBs). A new sub-class of short bursts originating from νNS-BH merging
binaries. They can originate from BdHNe (see Ref. [14]) or from BH-SNe.

In addition, it exists the possibility of gamma-ray flashes (GRFs). These are bursts with hybrid
properties between short and long, they have 1051 � Eiso � 1052 erg. This sub-class of sources
originates in NS-WD mergers.[6]

We focus here on the physical properties of the above progenitors, as well as on the main properties
of NSs that play a relevant role in the dynamics of these systems and that lead to the above different
GRB sub-classes. We shall discuss as well recent estimates of the rates of occurrence on all the above

2

EPJ Web of Conferences 168, 01006 (2018)	 https://doi.org/10.1051/epjconf/201816801006
Joint International Conference of ICGAC-XIII and IK-15 on Gravitation, Astrophysics and Cosmology



1.1 Long GRBs

In the case of long GRBs we stand on the induced gravitational collapse (IGC) scenario that intro-
duces as their progenitors short-period binaries composed of a carbon-oxygen core (COcore) with a NS
companion [9–15]. The core-collapse of the COcore, which forms a NS as central remnant (hereafter
νNS), leads also to a SN explosion that triggers a massive, hypercritical accretion process onto the NS
companion. The parameters of the in-state, i.e. of the COcore-NS binary, lead to two sub-classes of
long GRBs with corresponding out-states [6]:

• X-ray flashes (XRFs). Long bursts with Eiso � 1052 erg are produced by COcore-NS binaries with
relatively large binary separations (a � 1011 cm). The accretion rate of the SN ejecta onto the NS
in these systems is not high enough to bring the NS mass to the critical value Mcrit, hence no BH
is formed. The out-state of this GRB sub-class can be either a νNS-NS binary if the system keeps
bound after the SN explosion, or two runaway NSs if the binary system is disrupted.

• Binary driven hypernovae (BdHNe). Long bursts with Eiso � 1052 erg are instead produced by more
compact COcore-NS binaries (a � 1011 cm, see e.g., Refs. [13, 15]). In this case the SN triggers
a larger accretion rate onto the NS companion, e.g. � 10−2–10−1 M� s−1, bringing the NS to its
critical mass Mcrit,[11–13] namely to the point of gravitational collapse with consequent formation
of a BH. Remarkably, in Ref. [14] it was recently shown that the large majority of BdHNe leads
naturally to NS-BH binaries owing to the high compactness of the binary that avoids the disruption
of it even in cases of very high mass loss exceeding 50% of the total mass of the initial COcore-NS
binary.

In addition, it exists the possibility of BH-SNe.[6] Long burst with Eiso � 1054 erg occurring in
close COcore-BH binaries in which the hypercritical accretion produces, as out-states, a more massive
BH and a νNS. These systems have been considered in Ref. [6] as a subset of the BdHNe but no
specific example have been yet observationally identified.

1.2 Short GRBs

There is the consensus within the GRB community that the progenitors of short GRBs are mergers
of NS-NS and/or NS-BH binaries (see, e.g., Refs. [16–19], and Ref. [20], for a recent review).
Similarly to the case of long GRBs, in Ref. [6] short GRBs have been split into different sub-classes:

• Short gamma-ray flashes (S-GRFs). Short bursts with energies Eiso � 1052 erg, produced when
the post-merger core do not surpass the NS critical mass Mcrit, hence there is no BH formation.
Thus these systems left as byproduct a massive NS and possibly, due to the energy and angular
momentum conservation, orbiting material in a disk-like structure or a low-mass binary companion.

• Authentic short gamma-ray bursts (S-GRBs). Short bursts with Eiso � 1052 erg, produced when
the post-merger core reaches or overcome Mcrit, hence forming a Kerr or Kerr-Newman BH,[8] and
also in this case possibly orbiting material.

• Ultra-short GRBs (U-GRBs). A new sub-class of short bursts originating from νNS-BH merging
binaries. They can originate from BdHNe (see Ref. [14]) or from BH-SNe.

In addition, it exists the possibility of gamma-ray flashes (GRFs). These are bursts with hybrid
properties between short and long, they have 1051 � Eiso � 1052 erg. This sub-class of sources
originates in NS-WD mergers.[6]

We focus here on the physical properties of the above progenitors, as well as on the main properties
of NSs that play a relevant role in the dynamics of these systems and that lead to the above different
GRB sub-classes. We shall discuss as well recent estimates of the rates of occurrence on all the above

subclasses based on X and gamma-ray observations, and also elaborate on the possibility of detecting
the gravitational wave (GW) emission originated in these systems.

2 IGC, Hypercritical Accretion, and Long GRBs

We turn now to the details of the accretion process within the IGC scenario. Realistic simulations of
the IGC process were performed in Ref. [12], including: 1) detailed SN explosions of the COcore;
2) the hydrodynamic details of the hypercritical accretion process; 3) the evolution of the SN ejecta
material entering the Bondi-Hoyle region all the way up to its incorporation into the NS. Here the
concept of hypercritical accretion refers to the fact the accretion rates are highly super-Eddington.
The accretion process in the IGC scenario is allowed to exceed the Eddington limit mainly for two
reasons: i) the photons are trapped within the infalling material impeding them to transfer momentum;
ii) the accreting material creates a very hot NS atmosphere (T ∼ 1010 K) that triggers a very efficient
neutrino emission which become the main energy sink of these systems unlike photons.

The hypercritical accretion process in the above simulations was computed within a spherically
symmetric approximation. A further step was given in Ref. [13] by estimating the angular momentum
that the SN ejecta carries and transfer to the NS via accretion, and how it affects the evolution and
fate of the system. The calculations are as follows: first the accretion rate onto the NS is computed
adopting an homologous expansion of the SN ejecta and introducing the pre-SN density profile of the
COcore envelope from numerical simulations. Then, it is estimated the angular momentum that the
SN material might transfer to the NS: it comes out that the ejecta have enough angular momentum to
circularize for a short time and form a disc around the NS. Finally, the evolution of the NS central
density and rotation angular velocity (spin-up) is followed computing the equilibrium configurations
from the numerical solution of the axisymmetric Einstein equations in full rotation, until the critical
point of collapse of the NS to a BH taking into due account the equilibrium limits given by mass-
shedding and the secular axisymmetric instability.

Now we enter into the details of each of the above steps. The accretion rate of the SN ejecta onto
the NS can be estimated via the Bondi-Hoyle-Lyttleton accretion formula:

ṀB(t) = πρejR2
cap

√
v2rel + c2

s,ej, Rcap(t) =
2GMNS(t)

v2rel + c2
s,ej

, (1)

where G is the gravitational constant, ρej and cs,ej are the density and sound speed of the SN ejecta,
Rcap is the NS gravitational capture radius (Bondi-Hoyle radius), MNS, the NS mass, and vrel the ejecta
velocity relative to the NS: �vrel = �vorb − �vej, with |�vorb| =

√
G(Mcore + MNS)/a, the module of the NS

orbital velocity around the COcore, and �vej the velocity of the supernova ejecta (see Fig. 1).
Extrapolating the results for the accretion process from stellar wind accretion in binary sys-

tems, the angular momentum per unit time that crosses the NS capture region can be approximated
by:L̇cap = (π/2)

(
ερ/2 − 3εν

)
ρej(a, t)v2rel(a, t)R

4
cap(a, t), where ερ and εν are parameters measuring the

inhomogeneity of the flow (see Ref. [13] for details).
In order to simulate the hypercritical accretion it is adopted an homologous expansion of the SN

ejecta, i.e. the ejecta velocity evolves as vej(r, t) = nr/t, where r is the position of every ejecta layer
from the SN center and n is called expansion parameter. The ejecta density is given by ρej(r, t) =

ρ0
ej(r/Rstar(t), t0) Menv(t)

Menv(0)

(
Rstar(0)
Rstar(t)

)3
, where Menv(t) the mass of the COcore envelope, namely the mass of

the ejected material in the SN explosion and available to be accreted by the NS, Rstar(t) is the position
of the outermost layer of the ejected material, and ρ0

ej is the pre-SN density profile. The latter can be
approximated with a power law: ρej(r, t0) = ρcore(Rcore/r)m, where ρcore, Rcore and m are the profile
parameters which are fixed by fitting the pre-SN profiles obtained from numerical simulations.
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Figure 1. Scheme of the IGC scenario: the COcore undergoes
SN explosion, the NS accretes part of the SN ejecta and then
reaches the critical mass for gravitational collapse to a BH,
with consequent emission of a GRB. The SN ejecta reach the
NS Bondi-Hoyle radius and fall toward the NS surface. The
material shocks and decelerates as it piles over the NS
surface. At the neutrino emission zone, neutrinos take away
most of the infalling matter gravitational energy gain. The
neutrinos are emitted above the NS surface in a region of
thickness ∆rν about half the NS radius that allow the material
to reduce its entropy to be finally incorporated to the NS.
The image is not to scale. For further details and numerical
simulations of the above process see Refs. [12, 13, 15].

For the typical parameters of pre-SN COcore and assuming a velocity of the outermost SN layer
vsn(Rstar, t0) ∼ 109 cm s−1 and a free expansion n = 1 (for details of typical initial conditions
of the binary system see Refs. [12] and [13]), Eq. (1) gives accretion rates around the order of
10−4 − 10−2M� s−1, and an angular momentum per unit time crossing the capture region L̇cap ∼ 1046–
1049 g cm2 s−2.

We consider the NS companion of the COcore initially as non-rotating, thus at the beginning the
NS exterior spacetime is described by the Schwarzschild metric. The SN ejecta approach the NS
with specific angular momentum, lacc = L̇cap/ṀB, thus they will circularize at a radius rst if they
have enough angular momentum. What does the word “enough” means here? The last stable circular
orbit (LSO) around a non-rotating NS is located at a distance rlso = 6GMNS/c2 and has an angular
momentum per unit mass llso = 2

√
3GMNS/c. The radius rlso is larger than the NS radius for masses

larger than 1.67 M�, 1.71 M�, and 1.78 M� for the GM1, TM1, and NL3 nuclear equation of state
(EOS).[13] If lacc ≥ llso the material circularizes around the NS at locations rst ≥ rlso. For the values
of the IGC systems under discussion here, rst/rlso ∼ 10− 103, thus the SN ejecta have enough angular
momentum to form a sort of disc around the NS. Even in this case, the viscous forces and other angular
momentum losses that act on the disk will allow the matter in the disk to reach the inner boundary at
rin ∼ rlso, to then be accreted by the NS.

Within this picture, the NS accretes the material from rin and the NS mass and angular angular
momentum evolve as:

ṀNS =

(
∂MNS

∂Mb

)

JNS

Ṁb +

(
∂MNS

∂JNS

)

Mb

J̇NS, J̇NS = ξ l(rin)ṀB, (2)

where Mb is the NS baryonic mass, l(rin) is the specific angular momentum of the accreted material at
rin, which corresponds to the angular momentum of the LSO, and ξ ≤ 1 is a parameter that measures
the efficiency of angular momentum transfer. We assume in our simulations Ṁb = ṀB. The baryonic
and gravitational mass are related by [21]:

Mb

M�
=

MNS

M�
+

13
200

(
MNS

M�

)2 (
1 − 1

137
j1.7NS

)
, (3)

where jNS ≡ cJNS/(GM2
�). In addition, since the NS will spin up with accretion, we need information

of the dependence of the specific angular momentum of the LSO as a function of both the NS mass
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Table 1. Critical NS mass in the non-rotating case and constants k and p needed to compute the NS critical mass
in the non-rotating case given by Eq. (5). The values are given for the NL3, GM1 and TM1 EOS.

EOS MJ=0
crit (M�) p k

NL3 2.81 1.68 0.006
GM1 2.39 1.69 0.011
TM1 2.20 1.61 0.017

and angular momentum. For corotating orbits the following relation is valid for all the aforementioned
EOS:[13]

llso =
GMNS

c

2
√

3 − 0.37
(

jNS

MNS/M�

)0.85 . (4)

The NS accretes mass until it reaches a region of instability. There are two main instability limits
for rotating NSs: mass-shedding or Keplerian limit and the secular axisymmetric instability. The
critical NS mass along the secular instability line is approximately given by:[21]

Mcrit
NS = MJ=0

NS (1 + k jp
NS), (5)

where the parameters k and p depends of the nuclear EOS (see Table 1). These formulas fit the
numerical results with a maximum error of 0.45%.

2.1 Most recent simulations of the IGC process

Additional details and improvements of the hypercritical accretion process leading to XRFs and
BdHNe have been recently presented in Ref. [15]. In particular:

1. It was there improved the accretion rate estimate including the density profile finite
size/thickness and additional COcore progenitors leading to different SN ejecta masses were
also considered.

2. It was shown in Ref. [13] the existence of a maximum orbital period, Pmax, over which the
accretion onto NS companion is not high enough to bring it to the critical mass for gravitational
collapse to a BH. Therefore, COcore-NS binaries with P > Pmax lead to XRFs while the ones
with P � Pmax lead to BdHNe. In Ref. [15] the determination of Pmax was extended to all the
possible initial values of the mass of the NS companion and the angular momentum transfer
efficiency parameter was also allowed to vary.

3. It was computed the expected luminosity during the hypercritical accretion process for a wide
range of binary periods covering XRFs and BdHNe.

4. It was there shown that the presence of the NS companion originates large asymmetries (see,
e.g., simulation in Fig. 2) in the SN ejecta leading to observable signatures in the X-rays.

Fig. 2 shows a simulation of an IGC process presented in Ref. [15]. We considered the effects of
the gravitational field of the NS on the SN ejecta including the orbital motion as well as the changes
in the NS gravitational mass owing to the accretion process via the Bondi formalism. The supernova
matter was described as formed by point-like particles whose trajectory was computed by solving the
Newtonian equation of motion. The initial conditions of the SN ejecta are computed assuming an
homologous velocity distribution in free expansion. The initial power-law density profile of the CO
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Figure 2. Hypercritical accretion process in the IGC binary system at selected evolution times. In this example
the COcore has a total mass of 9.44 M� divided in an ejecta mass of 7.94 M� and a νNS of 1.5 M� formed
by the collapsed high density core. The supernova ejecta evolve homologously with outermost layer velocity
v0,star = 2× 109 cm s−1. The NS binary companion has an initial mass of 2.0 M�. The binary period is P ≈ 5 min,
which corresponds to a binary separation a ≈ 1.5 × 1010 cm. The system of coordinates is centered on the νNS
represented by the white-filled circle at (0, 0). The NS binary companion, represented by the gray-filled circle,
orbits counterclockwise following the thin-dashed circular trajectory. The colorbar indicates values of ejecta
density in logarithmic scale. Left upper panel: initial time of the process. The supernova ejecta expand radially
outward and the NS binary companion is at (a, 0). Right upper panel: the accretion process starts when the first
supernova layers reach the Bondi-Hoyle region. This happens at t = tacc,0 ≈ a/v0,star ≈ 7.7 s. Left lower panel:
the NS binary companion reaches the critical mass by accreting matter from the SN with consequent collapse to a
BH. This happens at t = tcoll ≈ 254 s ≈ 0.85 P. The newly-formed BH of mass MBH = Mcrit ≈ 3 M� is represented
by the black-filled circle. It is here evident the asymmetry of the supernova ejecta induced by the presence of the
accreting NS companion at close distance. Right lower panel: t = tcoll + 100 s = 354 s ≈ 1.2P, namely 100 s after
the BH formation. It appears here the new binary system composed of the νNS and the newly-formed BH.

envelope is simulated by populating the inner layers with more particles. For the MZAMS = 30 M�
progenitor which gives a COcore with envelope profile ρ0

ej ≈ 3.1 × 108(8.3 × 107/r)2.8 g cm−3, we
adopt for the simulation a total number of N = 106 particles. We assume that particles crossing the
Bondi-Hoyle radius are captured and accreted by the NS so we removed them from the system as they
reach that region. We removed these particles according to the results obtained from the numerical
integration explained above. Fig. 2 shows the orbital plane of an IGC binary at selected times of its
evolution. The NS has an initial mass of 2.0 M�; the COcore leads to a total ejecta mass 7.94 M� and a
νNS of 1.5 M�. The orbital period of the binary is P ≈ 5 min, i.e. a binary separation a ≈ 1.5×1010 cm.
For these parameters the NS reaches the critical mass and collapses to form a BH.
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Bondi-Hoyle radius are captured and accreted by the NS so we removed them from the system as they
reach that region. We removed these particles according to the results obtained from the numerical
integration explained above. Fig. 2 shows the orbital plane of an IGC binary at selected times of its
evolution. The NS has an initial mass of 2.0 M�; the COcore leads to a total ejecta mass 7.94 M� and a
νNS of 1.5 M�. The orbital period of the binary is P ≈ 5 min, i.e. a binary separation a ≈ 1.5×1010 cm.
For these parameters the NS reaches the critical mass and collapses to form a BH.

2.2 Post-Explosion Orbits and Formation of NS-BH Binaries

We have seen how in BdHNe the accretion process can lead to BH formation in a time-interval as short
as the orbital period. We here deepen this analysis to study the effect of the SN explosion in such a
scenario following Ref. [14]. As the ejecta timescale becomes a fraction of the orbital one, the fate
of the post-explosion binary is altered. For these models, we assumed tight binaries in circular orbit
with an initial orbital separation of 7×109 cm. With COcore radii of 1–4×109 cm, such a separation is
small, but achievable. The binary consists of a COcore and a 2.0 M� NS companion. When the COcore
collapses, it forms a 1.5 M� NS, ejecting the rest of the core. We then vary the ejecta mass and time
required for most of the ejected matter to move out of the binary. Ref. [14] showed that even if 70%
of the mass is lost from the system (in the 8 M� ejecta case), the system remains bound as long as
the explosion time is just above the orbital time (Torbit = 180 s) with semi-major axes of less than
1011 cm.

The tight compact binaries produced in these explosions will emit GWs driving the system to
merge. For typical massive star binaries, the merger time is many Myr. For BdHNe, the merger time
is typically 104 yr, or less [14]. Since the merger should occur within the radius swept clean by the
BdHN we expect a small baryonic contamination around the merger site which might lead to a new
family of events which we term ultrashort GRBs, U-GRBs, to this new family of events.

3 NS-NS/NS-BH mergers and Short GRBs

Let us turn to short GRBs. We first proceed to estimate the mass and the angular momentum of
the post-merger core via baryonic mass and angular momentum conservation of the system. We
adopt for simplicity that non-rotating binary components. We first compute the total baryonic mass
of the NS-NS binary Mb = Mb1 + Mb2 using the relation between the gravitational mass Mi and
the baryonic mass Mbi (i = 1, 2) recently obtained in Ref. [21] and given in Eq. (3) assuming
jNS = cJNS/(GM2

�) = 0. The post-merger core will have approximately the entire baryonic mass of
the initial binary, i.e. Mb,core ≈ Mb, since little mass is expected to be ejected during the coalescence
process. However, the gravitational mass of the post-merger core cannot be estimated using again
the above formula since, even assuming non-rotating binary components, the post-merger core will
necessarily acquire a fraction η ≤ 1 of the binary angular momentum at the merger point. One
expects a value of η smaller than unity since, during the coalesce, angular momentum is loss e.g. by
gravitational wave emission and it can be also redistributed e.g. into a surrounding disk.

To obtain the gravitational mass of the post-merger core, we can use again Eq. (3) relating the
baryonic mass Mb,NS and the gravitational mass MNS in this case with jNS � 0. The mass and angular
momentum of the post-merger core, respectively Mcore and Jcore, are therefore obtained from baryon
mass and angular momentum conservation, i.e.: Mcore = MNS, Mb,core = Mb,NS = Mb1 + Mb2 , Jcore =

JNS = ηJmerger, where Jmerger is the system angular momentum at the merger point. The value of Jmerger
is approximately given by Jmerger = µr2

mergerΩmerger, where µ = M1M2/M is the binary reduced mass,
M = M1 + M2 is the total binary mass, and rmerger and Ωmerger are the binary separation and angular
velocity at the merger point. If we adopt the merger point where the two stars enter into contact we
have rmerger = R1 + R2, where Ri is the radius (which depend on the EOS) of the i-component of the
binary.

Given the parameters of the merging binary, the above equations lead to the merged core prop-
erties. For the sake of exemplifying, let us assume a mass-symmetric binary, M1 = M2 = M/2.
In this case the above equations lead to the angular momentum of the merged core Jcore =

(η/4)(GM2/c)C−1/2, where C ≡ GM1/(c2R1) = GM2/(c2R2) is the compactness of the merging bi-
nary components. Therefore, if we adopt M1 = 1.4 M� and C = 0.15, Mcore = (2.61, 2.65) M� for
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η = (0, 1), i.e. for a dimensionless angular momentum of the merged core jcore = (0, 5.06). Whether or
not these pairs (Mcore, jcore) correspond to stable NSs depend on the nuclear EOS. A similar analysis
can be done for any other pair of binary masses.

4 Detectability of GWs produced by the GRB progenitors

Having established the nature of the progenitors of each GRB sub-class, we turn now to briefly discuss
the detectability of their associated GW emission. The minimum GW frequency detectable by the
broadband aLIGO interferometer is f aLIGO

min ≈ 10 Hz.[35] Since during the binary inspiral the GW
frequency is twice the orbital one, this implies that a binary enters the aLIGO band for orbital periods
Porb � 0.2 s. Thus, COcore-NS binaries, in-states of XRFs and BdHNe, and COcore-BH binaries, in-
states of BH-SN, are not detectable by aLIGO since they have orbital periods Porb � 5 min� 0.2 s.
Concerning their out-states after the corresponding hypercritical accretion processes, namely νNS-
NS, out-states of XRFs, and νNS-BH, out-states of BdHNe and BH-SNe, they are not detectable by
aLIGO at their birth but only when approaching the merger. Clearly, the analysis of the νNS-NS
mergers is included in the analysis of the S-GRFs and S-GRBs and, likewise, the merger of νNS-BH
binaries is included in the analysis of U-GRBs. In the case of NS-WD binaries the WD is tidally
disrupted by the NS making their GW emission hard to be detected (see, e.g., Ref. [36]).

A coalescing binary evolves first through the inspiral regime to then pass over a merger regime,
the latter composed by the plunge leading to the merger itself and by the ringdown (oscillations) of the
newly formed object. During the inspiral regime the system evolves through quasi-circular orbits and
is well described by the traditional point-like quadrupole approximation.[37–39] The GW frequency
is twice the orbital frequency ( fs = 2 forb) and grows monotonically. The energy spectrum during the
inspiral regime is: dE/d fs = (1/3)(πG)2/3M5/3

c f −1/3
s , where Mc = µ

3/5M2/5 = ν3/5M is the so-called
chirp mass and ν ≡ µ/M is the symmetric mass-ratio parameter. A symmetric binary (m1 = m2)
corresponds to ν = 1/4 and the test-particle limit is ν → 0. The GW spectrum of the merger regime
is characterized by a GW burst.[40] Thus, one can estimate the contribution of this regime to the
signal-to-noise ratio with the knowledge of the location of the GW burst in the frequency domain and
of the energy content. The frequency range spanned by the GW burst is ∆ f = fqnm − fmerger, where
fmerger is the frequency at which the merger starts and fqnm is the frequency of the ringing modes of
the newly formed object after the merger, and the energy emitted is ∆Emerger. With these quantities
defined, one can estimate the typical value of the merger regime spectrum as: dE/d fs ≈ ∆Emerger/∆ f .
Unfortunately, the frequencies and energy content of the merger regime of the above merging binaries
are such that it is undetectable by LIGO.[41].

Since the GW signal is deep inside the detector noise, the signal-to-noise ratio (ρ) is usually esti-
mated using the matched filter technique.[42] The exact position of the binary relative to the detector
and the orientation of the binary rotation plane are usually unknown, thus it is a common practice
to average over all the possible locations and orientations, i.e.:[42] 〈ρ2〉 = 4

∫ ∞
0 〈|h̃( f )|2〉/S n( f )d f =

4
∫ ∞

0 h2
c( f )/[ f 2S n( f )]d f , where f is the GW frequency in the detector frame, h̃( f ) is the Fourier trans-

form of h(t), and
√

S n( f ) is the one-sided amplitude spectral density of the detector noise, and hc( f )
is the characteristic strain, hc = (1 + z)/(πdl)

√
(1/10)(G/c3)(dE/d fs). We recall that in the detector

frame the GW frequency is redshifted by a factor 1+ z with respect to the one in the source frame, fs,
i.e. f = fs/(1+ z) and dl is the luminosity distance to the source. We adopt a ΛCDM cosmology with
H0 = 71 km s−1 Mpc−1, ΩM = 0.27 and ΩΛ = 0.73.[43]

A threshold ρ0 = 8 in a single detector is adopted by LIGO.[44] This minimum ρ0 defines a
maximum detection distance or GW horizon distance, say dGW, that corresponds to the most optimistic
case when the binary is just above the detector and the binary plane is parallel to the detector plane.
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η = (0, 1), i.e. for a dimensionless angular momentum of the merged core jcore = (0, 5.06). Whether or
not these pairs (Mcore, jcore) correspond to stable NSs depend on the nuclear EOS. A similar analysis
can be done for any other pair of binary masses.

4 Detectability of GWs produced by the GRB progenitors

Having established the nature of the progenitors of each GRB sub-class, we turn now to briefly discuss
the detectability of their associated GW emission. The minimum GW frequency detectable by the
broadband aLIGO interferometer is f aLIGO

min ≈ 10 Hz.[35] Since during the binary inspiral the GW
frequency is twice the orbital one, this implies that a binary enters the aLIGO band for orbital periods
Porb � 0.2 s. Thus, COcore-NS binaries, in-states of XRFs and BdHNe, and COcore-BH binaries, in-
states of BH-SN, are not detectable by aLIGO since they have orbital periods Porb � 5 min� 0.2 s.
Concerning their out-states after the corresponding hypercritical accretion processes, namely νNS-
NS, out-states of XRFs, and νNS-BH, out-states of BdHNe and BH-SNe, they are not detectable by
aLIGO at their birth but only when approaching the merger. Clearly, the analysis of the νNS-NS
mergers is included in the analysis of the S-GRFs and S-GRBs and, likewise, the merger of νNS-BH
binaries is included in the analysis of U-GRBs. In the case of NS-WD binaries the WD is tidally
disrupted by the NS making their GW emission hard to be detected (see, e.g., Ref. [36]).

A coalescing binary evolves first through the inspiral regime to then pass over a merger regime,
the latter composed by the plunge leading to the merger itself and by the ringdown (oscillations) of the
newly formed object. During the inspiral regime the system evolves through quasi-circular orbits and
is well described by the traditional point-like quadrupole approximation.[37–39] The GW frequency
is twice the orbital frequency ( fs = 2 forb) and grows monotonically. The energy spectrum during the
inspiral regime is: dE/d fs = (1/3)(πG)2/3M5/3

c f −1/3
s , where Mc = µ

3/5M2/5 = ν3/5M is the so-called
chirp mass and ν ≡ µ/M is the symmetric mass-ratio parameter. A symmetric binary (m1 = m2)
corresponds to ν = 1/4 and the test-particle limit is ν → 0. The GW spectrum of the merger regime
is characterized by a GW burst.[40] Thus, one can estimate the contribution of this regime to the
signal-to-noise ratio with the knowledge of the location of the GW burst in the frequency domain and
of the energy content. The frequency range spanned by the GW burst is ∆ f = fqnm − fmerger, where
fmerger is the frequency at which the merger starts and fqnm is the frequency of the ringing modes of
the newly formed object after the merger, and the energy emitted is ∆Emerger. With these quantities
defined, one can estimate the typical value of the merger regime spectrum as: dE/d fs ≈ ∆Emerger/∆ f .
Unfortunately, the frequencies and energy content of the merger regime of the above merging binaries
are such that it is undetectable by LIGO.[41].

Since the GW signal is deep inside the detector noise, the signal-to-noise ratio (ρ) is usually esti-
mated using the matched filter technique.[42] The exact position of the binary relative to the detector
and the orientation of the binary rotation plane are usually unknown, thus it is a common practice
to average over all the possible locations and orientations, i.e.:[42] 〈ρ2〉 = 4

∫ ∞
0 〈|h̃( f )|2〉/S n( f )d f =

4
∫ ∞

0 h2
c( f )/[ f 2S n( f )]d f , where f is the GW frequency in the detector frame, h̃( f ) is the Fourier trans-

form of h(t), and
√

S n( f ) is the one-sided amplitude spectral density of the detector noise, and hc( f )
is the characteristic strain, hc = (1 + z)/(πdl)

√
(1/10)(G/c3)(dE/d fs). We recall that in the detector

frame the GW frequency is redshifted by a factor 1+ z with respect to the one in the source frame, fs,
i.e. f = fs/(1+ z) and dl is the luminosity distance to the source. We adopt a ΛCDM cosmology with
H0 = 71 km s−1 Mpc−1, ΩM = 0.27 and ΩΛ = 0.73.[43]

A threshold ρ0 = 8 in a single detector is adopted by LIGO.[44] This minimum ρ0 defines a
maximum detection distance or GW horizon distance, say dGW, that corresponds to the most optimistic
case when the binary is just above the detector and the binary plane is parallel to the detector plane.

In order to give an estimate the annual number of merging binaries associated with the above GRB
sub-classes detectable by aLIGO we can use the lower and upper values of the aLIGO search volume
defined by Vs = VGW

maxT , where VGW
max = (4π/3)R3, where T is the observing time and R is the so-

called detector range defined by R = F dGW, with F −1 = 2.2627 (see, Ref. [44, 45], for details). For
a (1.4+1.4) M� NS binary and the three following different observational campaigns we have:[44]
2015/2016 (O1; T = 3 months) VS = (0.5–4) × 105 Mpc3 yr, 2017/2018 (O3; T = 9 months)
VS = (3–10)×106 Mpc3 yr, and the entire network including LIGO-India at design sensitivity (2022+;
T = 1 yr) VS = 2 × 107 Mpc3 yr. The maximum possible sensitivity reachable in 2022+ leads to
dGW ≈ 0.2 Gpc, hence VGW

max ≈ 0.033 Gpc3, for such a binary. One can use this information for other
binaries with different masses taking advantage of the fact that dGW scales with the binary chirp mass
as M5/6

c . The expected GW detection rate by aLIGO can be thus estimated as: ṄGW ≡ ρGRBVGRB
max ,

where ρGRB is the inferred occurrence rate of GRBs computed in Ref. [6]. Bearing the above in
mind it is easy to check that there is a low probability for aLIGO to detect the GW signals associated
with the GRB binary progenitors: indeed in the best case of the 2022+ observing rung one obtains,
respectively, ∼ 1 detection every 3 and 5 yr for U-GRBs and S-GRFs.
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