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1 Topics

• GRB classification

• GRB empirical correlations

• “Genuine short” GRBs: Possible identifications and selection effects

• A modified spectral energy distribution for highly energetic GRBs

• The observed spectra of the P-GRBs

• GRB prompt emission spectra below 5 keV: challenges for future mis-
sions

• Interpretation of the ultra high energy emission from GRBs observed by
Fermi and AGILE

• Analysis of different families of progenitors for GRBs with different en-
ergetics

• GRBs at redshift z > 6

• GRBs originating from a multiple collapse

• Prompt emission and X-ray flares: the clumpiness of CBM

• Microphysical description of the interaction between the fireshell and
the CBM

• Theoretical interpretation of the “plateau” phase in the X-ray afterglow

• Emission from newly born neutron stars, or “neo neutron stars”.

• Induced Gravitational Collapse process for GRBs associated with su-
pernovae.

• Redshift estimators for GRBs with no measured redshift.
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1 Topics

• Binary Driven Hypernovae (BdHNe) as progenitor of GRBs via Induced
Gravitational Collapse.

• GRB light curves as composed of four different episodes.

• Different kinds of binary systems as GRB progenitors.

• “Cosmic Matrix” for GRBs.
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3 Brief summary of recent
progresses

Major progresses have been accomplished this year in the following aspects:

• In discovering a “nesting” in the late x-ray light curves of BdHN sys-
tems.

• In reviewing old BATSE data finding the same characteristic features of
BdHN systems.

• In dividing GRBs in two different families, based on their energetics,
thanks to the results of the analysis of GRB 130427A, associated with
SN 2013cq, within the BdHN scenario.

• In applying this new classification in two different families, based on
the energetics, also to short GRBs.

• In studying the different configurations of the binary progenitor system
within the IGC paradigm.
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4 Selected publications before
2005

4.1 Refereed journals

1. D. Christodoulou, R. Ruffini; “Reversible Transformations of a Charged
Black Hole”; Physical Review D, 4, 3552 (1971).

A formula is derived for the mass of a black hole as a function of its “irre-
ducible mass”, its angular momentum, and its charge. It is shown that 50%
of the mass of an extreme charged black hole can be converted into energy as
contrasted with 29% for an extreme rotating black hole.

2. T. Damour, R. Ruffini; “Quantum electrodynamical effects in Kerr-
Newman geometries”; Physical Review Letters, 35, 463 (1975).

Following the classical approach of Sauter, of Heisenberg and Euler and of
Schwinger the process of vacuum polarization in the field of a “bare” Kerr-
Newman geometry is studied. The value of the critical strength of the elec-
tromagnetic fields is given together with an analysis of the feedback of the
discharge on the geometry. The relevance of this analysis for current astro-
physical observations is mentioned.

3. G. Preparata, R. Ruffini, S.-S. Xue; “The dyadosphere of black holes and
gamma-ray bursts”; Astronomy & Astrophysics, 338, L87 (1999).

The “dyadosphere” has been defined as the region outside the horizon of a
black hole endowed with an electromagnetic field (abbreviated to EMBH for
“electromagnetic black hole”) where the electromagnetic field exceeds the crit-
ical value, predicted by Heisenberg & Euler for e± pair production. In a very
short time (∼ O(h̄/mc2)) a very large number of pairs is created there. We here
give limits on the EMBH parameters leading to a Dyadosphere for 10M� and
105M� EMBH’s, and give as well the pair densities as functions of the radial
coordinate. We here assume that the pairs reach thermodynamic equilibrium
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4 Selected publications before 2005

with a photon gas and estimate the average energy per pair as a function of the
EMBH mass. These data give the initial conditions for the analysis of an enor-
mous pair-electromagnetic-pulse or “P.E.M. pulse” which naturally leads to
relativistic expansion. Basic energy requirements for gamma ray bursts (GRB),
including GRB971214 recently observed at z=3.4, can be accounted for by pro-
cesses occurring in the dyadosphere. In this letter we do not address the prob-
lem of forming either the EMBH or the dyadosphere: we establish some in-
equalities which must be satisfied during their formation process.

4. R. Ruffini, J.D. Salmonson, J.R. Wilson, S.-S. Xue; “On the pair electro-
magnetic pulse of a black hole with electromagnetic structure”; Astron-
omy & Astrophysics, 350, 334 (1999).

We study the relativistically expanding electron-positron pair plasma formed
by the process of vacuum polarization around an electromagnetic black hole
(EMBH). Such processes can occur for EMBH’s with mass all the way up to
6× 105M� . Beginning with a idealized model of a Reissner-Nordstrom EMBH
with charge to mass ratio ξ = 0.1, numerical hydrodynamic calculations are
made to model the expansion of the pair-electromagnetic pulse (PEM pulse)
to the point that the system is transparent to photons. Three idealized special
relativistic models have been compared and contrasted with the results of the
numerically integrated general relativistic hydrodynamic equations. One of
the three models has been validated: a PEM pulse of constant thickness in the
laboratory frame is shown to be in excellent agreement with results of the gen-
eral relativistic hydrodynamic code. It is remarkable that this precise model,
starting from the fundamental parameters of the EMBH, leads uniquely to the
explicit evaluation of the parameters of the PEM pulse, including the energy
spectrum and the astrophysically unprecedented large Lorentz factors (up to
6× 103 for a 103M� EMBH). The observed photon energy at the peak of the
photon spectrum at the moment of photon decoupling is shown to range from
0.1 MeV to 4 MeV as a function of the EMBH mass. Correspondingly the total
energy in photons is in the range of 1052 to 1054 ergs, consistent with observed
gamma-ray bursts. In these computations we neglect the presence of baryonic
matter which will be the subject of forthcoming publications.

5. R. Ruffini, J.D. Salmonson, J.R. Wilson, S.-S. Xue; “On the pair-electro
magnetic pulse from an electromagnetic black hole surrounded by a
baryonic remnant”; Astronomy & Astrophysics, 359, 855 (2000).

The interaction of an expanding Pair-Electromagnetic pulse (PEM pulse) with
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4.1 Refereed journals

a shell of baryonic matter surrounding a Black Hole with electromagnetic struc-
ture (EMBH) is analyzed for selected values of the baryonic mass at selected
distances well outside the dyadosphere of an EMBH. The dyadosphere, the
region in which a super critical field exists for the creation of e+e- pairs, is here
considered in the special case of a Reissner-Nordstrom geometry. The inter-
action of the PEM pulse with the baryonic matter is described using a simpli-
fied model of a slab of constant thickness in the laboratory frame (constant-
thickness approximation) as well as performing the integration of the general
relativistic hydrodynamical equations. Te validation of the constant-thickness
approximation, already presented in a previous paper Ruffini et al. (1999) for a
PEM pulse in vacuum, is here generalized to the presence of baryonic matter.
It is found that for a baryonic shell of mass-energy less than 1% of the total
energy of the dyadosphere, the constant-thickness approximation is in excel-
lent agreement with full general relativistic computations. The approximation
breaks down for larger values of the baryonic shell mass, however such cases
are of less interest for observed Gamma Ray Bursts (GRBs). On the basis of
numerical computations of the slab model for PEM pulses, we describe (i) the
properties of relativistic evolution of a PEM pulse colliding with a baryonic
shell; (ii) the details of the expected emission energy and observed tempera-
ture of the associated GRBs for a given value of the EMBH mass; 103M�, and
for baryonic mass-energies in the range 10−8 to 10−2 the total energy of the
dyadosphere.

6. C.L. Bianco, R. Ruffini, S.-S. Xue; “The elementary spike produced by
a pure e+e- pair-electromagnetic pulse from a Black Hole: The PEM
Pulse”; Astronomy & Astrophysics, 368, 377 (2001).

In the framework of the model that uses black holes endowed with electro-
magnetic structure (EMBH) as the energy source, we study how an elemen-
tary spike appears to the detectors. We consider the simplest possible case of a
pulse produced by a pure e+e− pair-electro-magnetic plasma, the PEM pulse,
in the absence of any baryonic matter. The resulting time profiles show a Fast-
Rise-Exponential-Decay shape, followed by a power-law tail. This is obtained
without any special fitting procedure, but only by fixing the energetics of the
process taking place in a given EMBH of selected mass, varying in the range
from 10 to 103 M� and considering the relativistic effects to be expected in an
electron-positron plasma gradually reaching transparency. Special attention is
given to the contributions from all regimes with Lorentz γ factor varying from
γ = 1 to γ = 104 in a few hundreds of the PEM pulse travel time. Although the
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main goal of this paper is to obtain the elementary spike intensity as a function
of the arrival time, and its observed duration, some qualitative considerations
are also presented regarding the expected spectrum and on its departure from
the thermal one. The results of this paper will be comparable, when data will
become available, with a subfamily of particularly short GRBs not followed by
any afterglow. They can also be propedeutical to the study of longer bursts in
presence of baryonic matter currently observed in GRBs.

7. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “Relative
spacetime transformations in Gamma-Ray Bursts”; The Astrophysical
Journal, 555, L107 (2001).

The GRB 991216 and its relevant data acquired from the BATSE experiment
and RXTE and Chandra satellites are used as a prototypical case to test the the-
ory linking the origin of gamma ray bursts (GRBs) to the process of vacuum
polarization occurring during the formation phase of a black hole endowed
with electromagnetic structure (EMBH). The relative space-time transforma-
tion paradigm (RSTT paradigm) is presented. It relates the observed signals
of GRBs to their past light cones, defining the events on the worldline of the
source essential for the interpretation of the data. Since GRBs present regimes
with unprecedently large Lorentz γ factor, also sharply varying with time, par-
ticular attention is given to the constitutive equations relating the four time
variables: the comoving time, the laboratory time, the arrival time at the de-
tector, duly corrected by the cosmological effects. This paradigm is at the very
foundation of any possible interpretation of the data of GRBs.

8. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “On the
interpretation of the burst structure of Gamma-Ray Bursts”; The Astro-
physical Journal, 555, L113 (2001).

Given the very accurate data from the BATSE experiment and RXTE and Chan-
dra satellites, we use the GRB 991216 as a prototypical case to test the EMBH
theory linking the origin of the energy of GRBs to the electromagnetic energy
of black holes. The fit of the afterglow fixes the only two free parameters of the
model and leads to a new paradigm for the interpretation of the burst struc-
ture, the IBS paradigm. It leads as well to a reconsideration of the relative
roles of the afterglow and burst in GRBs by defining two new phases in this
complex phenomenon: a) the injector phase, giving rise to the proper-GRB
(P-GRB), and b) the beam-target phase, giving rise to the extended afterglow
peak emission (E-APE) and to the afterglow. Such differentiation leads to a

84



4.1 Refereed journals

natural possible explanation of the bimodal distribution of GRBs observed by
BATSE. The agreement with the observational data in regions extending from
the horizon of the EMBH all the way out to the distant observer confirms the
uniqueness of the model.

9. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “On a pos-
sible Gamma-Ray Burst-Supernova time sequence”; The Astrophysical
Journal, 555, L117 (2001).

The data from the Chandra satellite on the iron emission lines in the afterglow
of GRB 991216 are used to give further support for the EMBH theory, which
links the origin of the energy of GRBs to the extractable energy of electromag-
netic black holes (EMBHs), leading to an interpretation of the GRB-supernova
correlation. Following the relative space-time transformation (RSTT) paradigm
and the interpretation of the burst structure (IBS) paradigm, we introduce a
paradigm for the correlation between GRBs and supernovae. The following
sequence of events is shown as kinematically possible and consistent with the
available data: a) the GRB-progenitor star P1 first collapses to an EMBH, b)
the proper GRB (P-GRB) and the peak of the afterglow (E-APE) propagate
in interstellar space until the impact on a supernova-progenitor star P2 at a
distance ≤ 2.69 × 1017 cm, and they induce the supernova explosion, c) the
accelerated baryonic matter (ABM) pulse, originating the afterglow, reaches
the supernova remnants 18.5 hours after the supernova explosion and gives
rise to the iron emission lines. Some considerations on the dynamical imple-
mentation of the paradigm are presented. The concept of induced supernova
explosion introduced here specifically for the GRB-supernova correlation may
have more general application in relativistic astrophysics.

10. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “On the
physical processes which lie at the bases of time variability of GRBs”; Il
Nuovo Cimento B, 116, 99 (2001).

The relative-space-time-transformation (RSTT) paradigm and the interpreta-
tion of the burst-structure (IBS) paradigm are applied to probe the origin of
the time variability of GRBs. Again GRB 991216 is used as a prototypical case,
thanks to the precise data from the CGRO, RXTE and Chandra satellites. It is
found that with the exception of the relatively inconspicuous but scientifically
very important signal originating from the initial “proper gamma ray burst”
(P-GRB), all the other spikes and time variabilities can be explained by the in-
teraction of the accelerated-baryonic-matter pulse with inhomogeneities in the
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interstellar matter. This can be demonstrated by using the RSTT paradigm as
well as the IBS paradigm, to trace a typical spike observed in arrival time back
to the corresponding one in the laboratory time. Using these paradigms, the
identification of the physical nature of the time variablity of the GRBs can be
made most convincingly. It is made explicit the dependence of a) the intensities
of the afterglow, b) the spikes amplitude and c) the actual time structure on the
Lorentz gamma factor of the accelerated-baryonic-matter pulse. In principle it
is possible to read off from the spike structure the detailed density contrast of
the interstellar medium in the host galaxy, even at very high redshift.

11. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “On the
structures in the afterglow peak emission of gamma ray bursts”; The
Astrophysical Journal, 581, L19 (2002).

Using GRB 991216 as a prototype, it is shown that the intensity substructures
observed in what is generally called the “prompt emission” in gamma ray
bursts (GRBs) do originate in the collision between the accelerated baryonic
matter (ABM) pulse with inhomogeneities in the interstellar medium (ISM).
The initial phase of such process occurs at a Lorentz factor γ ∼ 310. The cross-
ing of ISM inhomogeneities of sizes ∆R ∼ 1015 cm occurs in a detector arrival
time interval of∼ 0.4 s implying an apparent superluminal behavior of∼ 105c.
The long lasting debate between the validity of the external shock model vs.
the internal shock model for GRBs is solved in favor of the first.

12. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “On the
structure of the burst and afterglow of Gamma-Ray Bursts I: the ra-
dial approximation”; International Journal of Modern Physics D, 12, 173
(2003).

We have recently proposed three paradigms for the theoretical interpretation
of gamma-ray bursts (GRBs). (1) The relative space-time transformation (RSTT)
paradigm emphasizes how the knowledge of the entire world-line of the source
from the moment of gravitational collapse is a necessary condition in order to
interpret GRB data. (2) The interpretation of the burst structure (IBS) paradigm
differentiates in all GRBs between an injector phase and a beam-target phase.
(3) The GRB-supernova time sequence (GSTS) paradigm introduces the con-
cept of induced supernova explosion in the supernovae-GRB association. In the
introduction the RSTT and IBS paradigms are enunciated and illustrated us-
ing our theory based on the vacuum polarization process occurring around
an electromagnetic black hole (EMBH theory). The results are summarized
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using figures, diagrams and a complete table with the space-time grid, the
fundamental parameters and the corresponding values of the Lorentz gamma
factor for GRB 991216 used as a prototype. In the following sections the de-
tailed treatment of the EMBH theory needed to understand the results of the
three above letters is presented. We start from the considerations on the dya-
dosphere formation. We then review the basic hydrodynamic and rate equa-
tions, the equations leading to the relative space-time transformations as well
as the adopted numerical integration techniques. We then illustrate the five
fundamental eras of the EMBH theory: the self acceleration of the e+e− pair-
electromagnetic plasma (PEM pulse), its interaction with the baryonic remnant
of the progenitor star, the further self acceleration of the e+e− pair-electroma-
-gnetic radiation and baryon plasma (PEMB pulse). We then study the ap-
proach of the PEMB pulse to transparency, the emission of the proper GRB
(P-GRB) and its relation to the “short GRBs”. Particular attention is given
to the free parameters of the theory and to the values of the thermodynam-
ical quantities at transparency. Finally the three different regimes of the af-
terglow are described within the fully radiative and radial approximations:
the ultrarelativistic, the relativistic and the nonrelativistic regimes. The best
fit of the theory leads to an unequivocal identification of the “long GRBs” as
extended emission occurring at the afterglow peak (E-APE). The relative inten-
sities, the time separation and the hardness ratio of the P-GRB and the E-APE
are used as distinctive observational test of the EMBH theory and the excellent
agreement between our theoretical predictions and the observations are docu-
mented. The afterglow power-law indexes in the EMBH theory are compared
and contrasted with the ones in the literature, and no beaming process is found
for GRB 991216. Finally, some preliminary results relating the observed time
variability of the E-APE to the inhomogeneities in the interstellar medium are
presented, as well as some general considerations on the EMBH formation.
The issue of the GSTS paradigm will be the object of a forthcoming publica-
tion and the relevance of the iron-lines observed in GRB 991216 is shortly re-
viewed. The general conclusions are then presented based on the three funda-
mental parameters of the EMBH theory: the dyadosphere energy, the baryonic
mass of the remnant, the interstellar medium density. An in depth discussion
and comparison of the EMBH theory with alternative theories is presented as
well as indications of further developments beyond the radial approximation,
which will be the subject of paper II in this series. Future needs for specific
GRB observations are outlined.
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13. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, V. Gurzadyan, S.-S.
Xue; “On the instantaneous spectrum of gamma ray bursts”; Interna-
tional Journal of Modern Physics D, 13, 843 (2004).

A theoretical attempt to identify the physical process responsible for the after-
glow emission of Gamma-Ray Bursts (GRBs) is presented, leading to the occur-
rence of thermal emission in the comoving frame of the shock wave giving rise
to the bursts. The determination of the luminosities and spectra involves inte-
gration over an infinite number of Planckian spectra, weighted by appropriate
relativistic transformations, each one corresponding to a different viewing an-
gle in the past light cone of the observer. The relativistic transformations have
been computed using the equations of motion of GRBs within our theory, giv-
ing special attention to the determination of the equitemporal surfaces. The
only free parameter of the present theory is the “effective emitting area” in
the shock wave front. A self consistent model for the observed hard-to-soft
transition in GRBs is also presented. When applied to GRB 991216 a precise
fit

(
χ2 ' 1.078

)
of the observed luminosity in the 2–10 keV band is obtained.

Similarly, detailed estimates of the observed luminosity in the 50–300 keV and
in the 10–50 keV bands are obtained.

4.2 Conference proceedings

1. R. Ruffini; “Beyond the critical mass: The dyadosphere of black holes”;
in “Black Holes and High Energy Astrophysics”, H. sato, N. Sugiyama,
Editors; p. 167; Universal Academy Press (Tokyo, Japan, 1998).

The “dyadosphere” (from the Greek word “duas-duados” for pairs) is here
defined as the region outside the horizon of a black hole endowed with an
electromagnetic field (abbreviated to EMBH for “electromagnetic black hole”)
where the electromagnetic field exceeds the critical value, predicted by Heisen-
berg and Euler for e+e− pair production. In a very short time (∼ O(h̄/mc2)), a
very large number of pairs is created there. I give limits on the EMBH parame-
ters leading to a Dyadosphere for 10M� and 105M� EMBH’s, and give as well
the pair densities as functions of the radial coordinate. These data give the
initial conditions for the analysis of an enormous pair-electromagnetic-pulse
or “PEM-pulse” which naturally leads to relativistic expansion. Basic energy
requirements for gamma ray bursts (GRB), including GRB971214 recently ob-
served at z = 3.4, can be accounted for by processes occurring in the dyado-
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sphere.

2. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, L. Vitagliano, S.-
S. Xue; “New perspectives in physics and astrophysics from the theo-
retical understanding of Gamma-Ray Bursts”; in “COSMOLOGY AND
GRAVITATION: Xth Brazilian School of Cosmology and Gravitation;
25th Anniversary (1977-2002)”, Proceedings of the Xth Brazilian School
on Cosmology and Gravitation, Mangaratiba, Rio de Janeiro (Brazil),
July - August 2002, M. Novello, S.E. Perez Bergliaffa, Editors; AIP Con-
ference Proceedings, 668, 16 (2003).

If due attention is given in formulating the basic equations for the Gamma-
Ray Burst (GRB) phenomenon and in performing the corresponding quanti-
tative analysis, GRBs open a main avenue of inquiring on totally new physi-
cal and astrophysical regimes. This program is very likely one of the greatest
computational efforts in physics and astrophysics and cannot be actuated us-
ing shortcuts. A systematic approach is needed which has been highlighted
in three basic new paradigms: the relative space-time transformation (RSTT)
paradigm, the interpretation of the burst structure (IBS) paradigm, the GRB-
supernova time sequence (GSTS) paradigm. From the point of view of funda-
mental physics new regimes are explored: (1) the process of energy extraction
from black holes; (2) the quantum and general relativistic effects of matter-
antimatter creation near the black hole horizon; (3) the physics of ultrarela-
tivisitc shock waves with Lorentz gamma factor γ > 100. From the point of
view of astronomy and astrophysics also new regimes are explored: (i) the oc-
currence of gravitational collapse to a black hole from a critical mass core of
mass M & 10M�, which clearly differs from the values of the critical mass
encountered in the study of stars “catalyzed at the endpoint of thermonuclear
evolution” (white dwarfs and neutron stars); (ii) the extremely high efficiency
of the spherical collapse to a black hole, where almost 99.99% of the core mass
collapses leaving negligible remnant; (iii) the necessity of developing a fine
tuning in the final phases of thermonuclear evolution of the stars, both for the
star collapsing to the black hole and the surrounding ones, in order to explain
the possible occurrence of the “induced gravitational collapse”. New regimes
are as well encountered from the point of view of nature of GRBs: (I) the ba-
sic structure of GRBs is uniquely composed by a proper-GRB (P-GRB) and the
afterglow; (II) the long bursts are then simply explained as the peak of the af-
terglow (the E-APE) and their observed time variability is explained in terms
of inhomogeneities in the interstellar medium (ISM); (III) the short bursts are
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identified with the P-GRBs and the crucial information on general relativis-
tic and vacuum polarization effects are encoded in their spectra and intensity
time variability. A new class of space missions to acquire information on such
extreme new regimes are urgently needed.

3. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “The
EMBH Model in GRB 991216 and GRB 980425”; in Proceedings of “Third
Rome Workshop on Gamma-Ray Burst in the Afterglow Era”, 17-20
September 2002; M. Feroci, F. Frontera, N. Masetti, L. Piro, Editors; ASP
Conference Series, 312, 349 (2004).

This is a summary of the two talks presented at the Rome GRB meeting by C.L.
Bianco and R. Ruffini. It is shown that by respecting the Relative Space-Time
Transformation (RSTT) paradigm and the Interpretation of the Burst Structure
(IBS) paradigm, important inferences are possible: a) in the new physics oc-
curring in the energy sources of GRBs, b) on the structure of the bursts and c)
on the composition of the interstellar matter surrounding the source.

4. M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti, R. Ruffini,
S.-S. Xue; “A New Astrophysical ’Triptych’: GRB030329/SN2003dh/
URCA-2”; in “GAMMA-RAY BURSTS: 30 YEARS OF DISCOVERY”,
Proceedings of the Los Alamos “Gamma Ray Burst Symposium”, Santa
Fe, New Mexico, 8 12 September 2003, E.E. Fenimore, M. Galassi, Edi-
tors; AIP Conference Proceedings, 727, 312 (2004).

We analyze the data of the Gamma-Ray Burst/Supernova GRB030329/
SN2003dh system obtained by HETE-2, R-XTE, XMM and VLT within our the-
ory for GRB030329. By fitting the only three free parameters of the EMBH
theory, we obtain the luminosity in fixed energy bands for the prompt emis-
sion and the afterglow. Since the Gamma-Ray Burst (GRB) analysis is con-
sistent with a spherically symmetric expansion, the energy of GRB030329 is
E = 2.1× 1052 erg, namely ∼ 2× 103 times larger than the Supernova energy.
We conclude that either the GRB is triggering an induced-supernova event or
both the GRB and the Supernova are triggered by the same relativistic process.
In no way the GRB can be originated from the supernova. We also evidence
that the XMM observations, much like in the system GRB980425/SN1998bw,
are not part of the GRB afterglow, as interpreted in the literature, but are asso-
ciated to the Supernova phenomenon. A dedicated campaign of observations
is needed to confirm the nature of this XMM source as a newly born neutron
star cooling by generalized URCA processes.
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5. F. Fraschetti, M.G. Bernardini, C.L. Bianco, P. Chardonnet, R. Ruffini, S.-
S. Xue; “The GRB980425-SN1998bw Association in the EMBH Model”;
in “GAMMA-RAY BURSTS: 30 YEARS OF DISCOVERY”, Proceedings
of the Los Alamos “Gamma Ray Burst Symposium”, Santa Fe, New
Mexico, 8 12 September 2003, E.E. Fenimore, M. Galassi, Editors; AIP
Conference Proceedings, 727, 424 (2004).

Our GRB theory, previously developed using GRB 991216 as a prototype, is
here applied to GRB 980425. We fit the luminosity observed in the 40–700 keV,
2–26 keV and 2–10 keV bands by the BeppoSAX satellite. In addition the su-
pernova SN1998bw is the outcome of an “induced gravitational collapse” trig-
gered by GRB 980425, in agreement with the GRB-Supernova Time Sequence
(GSTS) paradigm. A further outcome of this astrophysically exceptional se-
quence of events is the formation of a young neutron star generated by the
SN1998bw event. A coordinated observational activity is recommended to
further enlighten the underlying scenario of this most unique astrophysical
system.

6. A. Corsi, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti, R.
Ruffini, S.-S. Xue; “GRB 970228 Within the EMBH Model”; in “GAMMA-
RAY BURSTS: 30 YEARS OF DISCOVERY”, Proceedings of the Los
Alamos “Gamma Ray Burst Symposium”, Santa Fe, New Mexico, 8 12
September 2003, E.E. Fenimore, M. Galassi, Editors; AIP Conference
Proceedings, 727, 428 (2004).

We consider the gamma-ray burst of 1997 February 28 (GRB 970228) within the
ElectroMagnetic Black Hole (EMBH) model. We first determine the value of
the two free parameters that characterize energetically the GRB phenomenon
in the EMBH model, that is to say the dyadosphere energy, Edya = 5.1 ×
1052 ergs, and the baryonic remnant mass MB in units of Edya, B = MBc2/Edya =

3.0× 10−3. Having in this way estimated the energy emitted during the beam-
target phase, we evaluate the role of the InterStellar Medium (ISM) number
density (nISM) and of the ratio R between the effective emitting area and the
total surface area of the GRB source, in reproducing the observed profiles of
the GRB 970228 prompt emission and X-ray (2-10 keV energy band) afterglow.
The importance of the ISM distribution three-dimensional treatment around
the central black hole is also stressed in this analysis.
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5 Publications (2005–2015)

5.1 Refereed journals

1. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, V. Gurzadyan, S.-
S. Xue; “Emergence of a filamentary structure in the fireball from GRB
spectra”; International Journal of Modern Physics D, 14, 97 (2005).

It is shown that the concept of a fireball with a definite filamentary struc-
ture naturally emerges from the analysis of the spectra of Gamma-Ray Bursts
(GRBs). These results, made possible by the recently obtained analytic ex-
pressions of the equitemporal surfaces in the GRB afterglow, depend crucially
on the single parameter R describing the effective area of the fireball emitting
the X-ray and gamma-ray radiation. The X-ray and gamma-ray components
of the afterglow radiation are shown to have a thermal spectrum in the co-
moving frame of the fireball and originate from a stable shock front described
self-consistently by the Rankine-Hugoniot equations. Precise predictions are
presented on a correlation between spectral changes and intensity variations
in the prompt radiation verifiable, e.g., by the Swift and future missions. The
highly variable optical and radio emission depends instead on the parameters
of the surrounding medium. The GRB 991216 is used as a prototype for this
model.

2. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,
V. Gurzadyan, M. Lattanzi, L. Vitagliano, S.-S. Xue; “Extracting energy
from black holes: ’long’ and ’short’ GRBs and their astrophysical set-
tings”; Il Nuovo Cimento C, 28, 589 (2005).

The introduction of the three interpretational paradigms for Gamma-Ray Bursts
(GRBs) and recent progress in understanding the X- and gamma-ray luminos-
ity in the afterglow allow us to make assessments about the astrophysical set-
tings of GRBs. In particular, we evidence the distinct possibility that some
GRBs occur in a binary system. This subclass of GRBs manifests itself in a
“tryptich”: one component formed by the collapse of a massive star to a black
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hole, which originates the GRB; a second component by a supernova and a
third one by a young neutron star born in the supernova event. Similarly,
the understanding of the physics of quantum relativistic processes during the
gravitational collapse makes possible precise predictions about the structure
of short GRBs.

3. M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti, R. Ruffini, S.-
S. Xue; “Theoretical interpretation of luminosity and spectral properties
of GRB 031203”; The Astrophysical Journal, 634, L29 (2005).

The X-ray and gamma-ray observations of the source GRB 031203 by INTE-
GRAL are interpreted within our theoretical model. In addition to a complete
spacetime parameterization of the GRB, we specifically assume that the after-
glow emission originates from a thermal spectrum in the comoving frame of
the expanding baryonic matter shell. By determining the two free parameters
of the model and estimating the density and filamentary structure of the ISM,
we reproduce the observed luminosity in the 20-200 keV energy band. As in
previous sources, the prompt radiation is shown to coincide with the peak of
the afterglow, and the luminosity substructure is shown to originate in the fil-
amentary structure of the ISM. We predict a clear hard-to-soft behavior in the
instantaneous spectra. The time-integrated spectrum over 20 s observed by
INTEGRAL is well fitted. Despite the fact that this source has been considered
“unusual”, it appears to us to be a normal low-energy GRB.

4. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,
S.-S. Xue; Evidence for isotropic emission in GRB991216; Advances in
Space Research, 38, 1291 (2006).

The issue of the possible presence or absence of jets in GRBs is here re-examined
for GRB991216. We compare and contrast our theoretically predicted after-
glow luminosity in the 2–10 keV band for spherically symmetric versus jetted
emission. At these wavelengths the jetted emission can be excluded and data
analysis confirms spherical symmetry. These theoretical fits are expected to be
improved by the forthcoming data of the Swift mission.

5. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,
R. Guida, S.-S. Xue; “GRB 050315: A step toward understanding the
uniqueness of the overall GRB structure”; The Astrophysical Journal,
645, L109 (2006).
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Using the Swift data of GRB 050315, we are making progress toward under-
standing the uniqueness of our theoretically predicted gamma-ray burst (GRB)
structure, which is composed of a proper GRB (P-GRB), emitted at the trans-
parency of an electron-positron plasma with suitable baryon loading, and an
afterglow comprising the so-called prompt emission due to external shocks.
Thanks to the Swift observations, the P-GRB is identified, and for the first time
we can theoretically fit detailed light curves for selected energy bands on a
continuous timescale ranging over 106 s. The theoretically predicted instanta-
neous spectral distribution over the entire afterglow is presented, confirming
a clear hard-to-soft behavior encompassing, continuously, the “prompt emis-
sion” all the way to the latest phases of the afterglow.

6. C.L. Bianco, L. Caito, R. Ruffini; “Theoretical interpretation of GRB
011121”; Il Nuovo Cimento B, 121, 1441 (2006).

GRB011121 is analyzed as a prototype to understand the “flares” recently ob-
served by Swift in the afterglow of many GRB sources. Detailed theoretical
computation of the GRB011121 light curves in selected energy bands are pre-
sented and compared and contrasted with observational BeppoSAX data.

7. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti, R.
Guida, S.-S. Xue; “GRB 050315: A step toward the uniqueness of the
overall GRB structure”; Il Nuovo Cimento B, 121, 1367 (2006).

Using the Swift data of GRB 050315, we progress on the uniqueness of our
theoretically predicted Gamma-Ray Burst (GRB) structure as composed by
a proper-GRB (P-GRB), emitted at the transparency of an electron-positron
plasma with suitable baryon loading, and an afterglow comprising the so called
“prompt emission” as due to external shocks. Thanks to the Swift observations,
we can theoretically fit detailed light curves for selected energy bands on a
continuous time scale ranging over 106 seconds. The theoretically predicted
instantaneous spectral distribution over the entire afterglow confirms a clear
hard-to-soft behavior encompassing, continuously, the “prompt emission” all
the way to the latest phases of the afterglow. Consequences of the instrumental
threshold on the definition of “short” and “long” GRBs are discussed.

8. M.G. Bernardini, C.L. Bianco, L. Caito, P. Chardonnet, A. Corsi, M.G.
Dainotti, F. Fraschetti, R. Guida, R. Ruffini, S.-S. Xue; GRB970228 as a
prototype for short GRBs with afterglow; Il Nuovo Cimento B, 121, 1439
(2006).
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GRB970228 is analyzed as a prototype to understand the relative role of short
GRBs and their associated afterglows, recently observed by Swift and HETE-II.
Detailed theoretical computation of the GRB970228 light curves in selected en-
ergy bands are presented and compared with observational BeppoSAX data.

9. M.G. Dainotti, M.G. Bernardini, C.L. Bianco, L. Caito, R. Guida, R. Ruffini;
“GRB060218 and GRBs associated with Supernovae Ib/c”; Astronomy
& Astrophysics, 471, L29 (2007).

Context: The Swift satellite has given continuous data in the range 0.3–150 keV
from 0 s to 106 s for GRB060218 associated with SN2006aj. This Gamma-Ray
Burst (GRB) which has an unusually long duration (T90 ∼ 2100 s) fulfills the
Amati relation. These data offer the opportunity to probe theoretical models
for GRBs connected with Supernovae (SNe).
Aims: We plan to fit the complete γ- and X-ray light curves of this long dura-
tion GRB, including the prompt emission, in order to clarify the nature of the
progenitors and the astrophysical scenario of the class of GRBs associated with
SNe Ib/c.
Methods: We apply our “fireshell” model based on the formation of a black
hole, giving the relevant references. It is characterized by the precise equations
of motion and equitemporal surfaces and by the role of thermal emission.
Results: The initial total energy of the electron-positron plasma Etot

e± = 2.32×
1050 erg has a particularly low value, similar to the other GRBs associated with
SNe. For the first time, we observe a baryon loading B = 10−2 which coincides
with the upper limit for the dynamical stability of the fireshell. The effective
CircumBurst Medium (CBM) density shows a radial dependence ncbm ∝ r−α

with 1.0 . α . 1.7 and monotonically decreases from 1 to 10−6 particles/cm3.
This behavior is interpreted as being due to a fragmentation in the fireshell.
Analogies with the fragmented density and filling factor characterizing Novae
are outlined. The fit presented is particularly significant in view of the com-
plete data set available for GRB060218 and of the fact that it fulfills the Amati
relation.
Conclusions: We fit GRB060218, usually considered as an X-Ray Flash (XRF), as
a “canonical GRB” within our theoretical model. The smallest possible black
hole, formed by the gravitational collapse of a neutron star in a binary system,
is consistent with the especially low energetics of the class of GRBs associ-
ated with SNe Ib/c. We provide the first evidence for a fragmentation in the
fireshell. This fragmentation is crucial in explaining both the unusually large
T90 and the consequently inferred abnormally low value of the CBM effective
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density.

10. M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB970228 and a class of GRBs with an initial spikelike emission”; As-
tronomy & Astrophysics, 474, L13 (2007).

Context: The discovery by Swift and HETE-2 of an afterglow emission asso-
ciated possibly with short GRBs opened the new problematic of their nature
and classification. This issue has been further enhanced by the observation of
GRB060614 and by a new analysis of the BATSE catalog which led to the iden-
tification of a new class of GRBs with “an occasional softer extended emission
lasting tenths of seconds after an initial spikelike emission”.
Aims: We plan a twofold task: a) to fit this new class of “hybrid” sources
within our “canonical GRB” scenario, where all GRBs are generated by a “com-
mon engine” (i.e. the gravitational collapse to a black hole); b) to propose
GRB970228 as the prototype of the above mentioned class, since it shares the
same morphology and observational features.
Methods: We analyze BeppoSAX data on GRB970228 within the “fireshell” model
and we determine the parameters describing the source and the CircumBurst
Medium (CBM) needed to reproduce its light curves in the 40–700 keV and
2–26 keV energy bands.
Results: We find that GRB970228 is a “canonical GRB”, like e.g. GRB050315,
with the main peculiarity of a particularly low average density of the CBM
〈ncbm〉 ∼ 10−3 particles/cm3. We also simulate the light curve corresponding
to a rescaled CBM density profile with 〈ncbm〉 = 1 particle/cm3. From such a
comparison it follows that the total time-integrated luminosity is a faithful in-
dicator of the nature of GRBs, contrary to the peak luminosity which is merely
a function of the CBM density.
Conclusions: We call attention on discriminating the short GRBs between the
“genuine” and the “fake” ones. The “genuine” ones are intrinsically short,
with baryon loading B . 10−5, as stated in our original classification. The
“fake” ones, characterized by an initial spikelike emission followed by an ex-
tended emission lasting tenths of seconds, have a baryon loading 10−4 . B ≤
10−2. They are observed as such only due to an underdense CBM consistent
with a galactic halo environment which deflates the afterglow intensity.

11. R. Guida, M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Ruffini;
“The Amati relation in the “fireshell” model”; Astronomy & Astrophysics,
487, L37 (2008).

97



5 Publications (2005–2015)

Context: The cosmological origin of gamma-ray bursts (GRBs) has been firmly
established, with redshifts up to z = 6.29. They are possible candidates for use
as “distance indicators” for testing cosmological models in a redshift range
hardly achievable by other cosmological probes. Asserting the validity of the
empirical relations among GRB observables is now crucial for their calibration.
Aims: Motivated by the relation proposed by Amati and collaborators, we look
within the “fireshell” model for a relation between the peak energy Ep of the
νFν total time-integrated spectrum of the afterglow and the total energy of the
afterglow Ea f t, which in our model encompasses and extends the prompt emis-
sion.
Methods: The fit within the fireshell model, as for the “canonical” GRB050315,
uses the complete arrival time coverage given by the Swift satellite. It is per-
formed simultaneously, self-consistently, and recursively in the four BAT en-
ergy bands (15–25 keV, 25–50 keV, 50–100 keV, and 100-150 keV), as well as
in the XRT one (0.2–10 keV). It uniquely determines the two free parameters
characterizing the GRB source, the total energy Ee±

tot of the e± plasma and its
baryon loading B, as well as the effective CircumBurst Medium (CBM) distri-
bution. We can then build two sets of “gedanken” GRBs varying the total en-
ergy of the electron-positron plasma Ee±

tot and keeping the same baryon loading
B of GRB050315. The first set assumes the one obtained in the fit of GRB050315
for the effective CBM density. The second set assumes instead a constant CBM
density equal to the average value of the GRB050315 prompt phase.
Results: For the first set of “gedanken” GRBs we find a relation Ep ∝ (Ea f t)

a,
with a = 0.45± 0.01, whose slope strictly agrees with the Amati one. Such
a relation, in the limit B → 10−2, coincides with the Amati one. Instead, no
correlation is found in the second set of “gedanken” GRBs.
Conclusions: Our analysis excludes the proper GRB (P-GRB) from the prompt
emission, extends all the way to the latest afterglow phases, and is indepen-
dent of the assumed cosmological model, since all “gedanken” GRBs are at
the same redshift. The Amati relation, on the other hand, includes the P-GRB,
focuses only on the prompt emission, being therefore influenced by the instru-
mental threshold that fixes the end of the prompt emission, and depends on
the assumed cosmology. This might explain the intrinsic scatter observed in
the Amati relation.

12. L. Caito, M.G. Bernardini, C.L. Bianco, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB060614: a “fake” short GRB from a merging binary system”; As-
tronomy & Astrophysics, 489, 501 (2009).
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Context: GRB060614 observations by VLT and by Swift have infringed the tra-
ditionally accepted gamma-ray burst (GRB) collapsar scenario that purports
the origin of all long duration GRBs from supernovae (SN). GRB060614 is the
first nearby long duration GRB clearly not associated with a bright Ib/c SN.
Moreover, its duration (T90 ∼ 100 s) makes it hardly classifiable as a short
GRB. It presents strong similarities with GRB970228, the prototype of a new
class of “fake” short GRBs that appear to originate from the coalescence of bi-
nary neutron stars or white dwarfs spiraled out into the galactic halo. Aims:
Within the “canonical” GRB scenario based on the “fireshell” model, we test if
GRB060614 can be a “fake” or “disguised” short GRB. We model the tradition-
ally termed “prompt emission” and discriminate the signal originating from
the gravitational collapse leading to the GRB from the process occurring in the
circumburst medium (CBM). Methods: We fit GRB060614 light curves in Swift’s
BAT (15− 150 keV) and XRT (0.2− 10 keV) energy bands. Within the fireshell
model, light curves are formed by two well defined and different components:
the proper-GRB (P-GRB), emitted when the fireshell becomes transparent, and
the extended afterglow, due to the interaction between the leftover accelerated
baryonic and leptonic shell and the CBM. Results: We determine the two free
parameters describing the GRB source within the fireshell model: the total e±

plasma energy (Ee±
tot = 2.94× 1051erg) and baryon loading (B = 2.8× 10−3). A

small average CBM density ∼ 10−3 particles/cm3 is inferred, typical of galac-
tic halos. The first spikelike emission is identified with the P-GRB and the fol-
lowing prolonged emission with the extended afterglow peak. We obtain very
good agreement in the BAT (15− 150 keV) energy band, in what is traditionally
called “prompt emission”, and in the XRT (0.2− 10 keV) one. Conclusions: The
anomalous GRB060614 finds a natural interpretation within our canonical GRB
scenario: it is a “disguised” short GRB. The total time-integrated extended
afterglow luminosity is greater than the P-GRB one, but its peak luminosity is
smaller since it is deflated by the peculiarly low average CBM density of galac-
tic halos. This result points to an old binary system, likely formed by a white
dwarf and a neutron star, as the progenitor of GRB060614 and well justifies the
absence of an associated SN Ib/c. Particularly important for further studies of
the final merging process are the temporal structures in the P-GRB down to 0.1
s.

13. M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB970228 in the “canonical GRB” scenario”; Journal of the Korean
Physical Society, 56, 1575 (2010).
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Within the “fireshell” model, we define a “canonical GRB” light curve with
two sharply different components: the proper-GRB (P-GRB), emitted when
the optically thick fireshell of an electron-positron plasma originating from
the phenomenon reaches transparency, and the afterglow, emitted due to the
collision between the remaining optically thin fireshell and the circumburst
medium (CBM). On the basis of the recent understanding of GRB970228 as the
prototype for a new class of GRBs with “an occasional softer extended emis-
sion lasting tenths of seconds after an initial spikelike emission”, we outline
our “canonical GRB” scenario, originating from the gravitational collapse to
a black hole, with special emphasis on the discrimination between “genuine”
and “fake” short GRBs. Furthermore, we investigate how the GRB970228 anal-
ysis provides a theoretical explanation for the apparent absence of such a cor-
relation for the GRBs belonging to this new class.

14. L. Caito, M.G. Bernardini, C.L. Bianco, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB060614: a preliminary result”; Journal of the Korean Physical So-
ciety, 56, 1579 (2010).

The explosion of GRB 060614 produced a deep break in the GRB scenario and
opened new horizons of investigation because it can’t be traced back to any
traditional scheme of classification. In fact, it manifests peculiarities both of
long bursts and of short bursts, and above all, it is the first case of a long-
duration near GRB without any bright Ib/c associated Supernova. We will
show that, in our canonical GRB scenario, this “anomalous” situation finds
a natural interpretation and allows us to discuss a possible variation in the
traditional classification scheme, introducing a distinction between “genuine”
and “fake” short bursts.

15. M.G. Dainotti, M.G. Bernardini, C.L. Bianco, L. Caito, R. Guida, R. Ruffini;
“The astrophysical trypthic: GRB, SN and URCA can be extended to
GRB060218?”; Journal of the Korean Physical Society, 56, 1588 (2010).

The Swift satellite has given continuous data in the range 0.3–150 keV from 0
s to 106 s for GRB060218 associated with SN2006aj. This GRB is the fourth GRB
spectroscopically associated with SNe after the cases of GRB980425-SN1998bw,
GRB031203-SN2003lw, GRB 030329-SN2003dh. It has an unusually long du-
ration (T90 ∼ 2100 s). These data offer the opportunity to probe theoretical
models for Gamma-Ray Bursts (GRBs) connected with Supernovae (SNe). We
plan to fit the complete γ- and X-ray light curves of this long duration GRB,

100



5.1 Refereed journals

including the prompt emission, in order to clarify the nature of the progeni-
tors and the astrophysical scenario of the class of GRBs associated to SNe Ib/c.
We apply our “fireshell” model based on the formation of a black hole, giving
the relevant references. The initial total energy of the electron-positron plasma
Etot

e± = 2.32× 1050 erg has a particularly low value similarly to the other GRBs
associated with SNe. For the first time we observe a baryon loading B = 10−2

which coincides with the upper limit for the dynamical stability of the fireshell.
The effective CircumBurst Medium (CBM) density shows a radial dependence
ncbm ∝ r−α with 1.0 . α . 1.7 and monotonically decreases from 1 to 10−6

particles/cm3. Such a behavior is interpreted as due to a fragmentation in
the fireshell. Such a fragmentation is crucial in explaining both the unusually
large T90 and the consequently inferred abnormal low value of the CBM effec-
tive density. We fit GRB060218, usually considered as an X-Ray Flash (XRF), as
a “canonical GRB” within our theoretical model. The smallest possible black
hole, formed by the gravitational collapse of a neutron star in a binary system,
is consistent with the especially low energetics of the class of GRBs associated
with SNe Ib/c. We present the URCA process and the connection between the
GRBs associated with SNe extended also to the case of GRB060218.

16. L. Izzo, M.G. Bernardini, C.L. Bianco, L. Caito, B. Patricelli, R. Ruffini;
“GRB 090423 at Redshift 8.1: a Theoretical Interpretation”; Journal of
the Korean Physical Society, 57, 551 (2010).

GRB 090423 is the farthest gamma ray burst ever observed, with a redshift
of about 8.1. We present within the fireshell scenario a complete analysis of
this GRB. We model the prompt emission and the first rapid flux decay of
the afterglow emission as being to the canonical emission of the interaction
in the interval 0 ≤ t ≤ 440 s by using accelerated baryonic matter with the
circumburst medium. After the data reduction of the Swift data in the BAT (15
- 150 keV) and XRT (0.2 - 10 keV) energy bands, we interpret the light curves
and the spectral distribution in the context of the fireshell scenario. We also
confirm in this source the existence of a second component, a plateau phase,
as being responsible for the late emission in the X-ray light curve. This extra
component originates from the fact that the ejecta have a range of the bulk
Lorentz Γ factor, which starts to interact each other ejecta at the start of the
plateau phase.

17. L. Caito, L. Amati, M.G. Bernardini, C.L. Bianco, G. De Barros, L. Izzo,
B. Patricelli, R. Ruffini; “GRB 071227: an additional case of a disguised
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short burst”; Astronomy & Astrophysics, 521, A80 (2010).

Context: Observations of gamma-ray bursts (GRBs) have shown an hybridiza-
tion between the two classes of long and short bursts. In the context of the
fireshell model, the GRB light curves are formed by two different components:
the proper GRB (P-GRB) and the extended afterglow. Their relative intensity is
linked to the fireshell baryon loading B. The GRBs with P-GRB predominance
are the short ones, the remainders are long. A new family of disguised short
bursts has been identified: long bursts with a protracted low instantaneous
luminosity due to a low density CircumBurst Medium (CBM). In the 15–150
keV energy band GRB 071227 exhibits a short duration (about 1.8s) spike-like
emission followed by a very soft extended tail up to one hundred seconds after
the trigger. It is a faint (Eiso = 5.8× 1050) nearby GRB (z = 0.383) that does
not have an associated type Ib/c bright supernova (SN). For these reasons,
GRB 071227 has been classified as a short burst not fulfilling the Amati rela-
tion holding for long burst. Aims: We check the classification of GRB 071227
provided by the fireshell model. In particular, we test whether this burst is
another example of a disguised short burst, after GRB 970228 and GRB 060614,
and, for this reason, whether it fulfills the Amati relation. Methods: We simu-
late GRB 071227 light curves in the Swift BAT 15–50 keV bandpass and in the
XRT (0.3–10 keV) energy band within the fireshell model. Results: We perform
simulations of the tail in the 15–50 keV bandpass, as well as of the first part of
the X-ray afterglow. This infers that: Ee±

tot = 5.04× 1051 erg, B = 2.0× 10−4,
EP−GRB/Ea f t ∼ 0.25, and 〈ncbm〉 = 3.33 particles/cm3. These values are consis-
tent with those of “long duration” GRBs. We interpret the observed energy of
the first hard emission by identifying it with the P-GRB emission. The remain-
ing long soft tail indeed fulfills the Amati relation. Conclusions: Previously
classified as a short burst, GRB 071227 on the basis of our analysis performed
in the context of the fireshell scenario represents another example of a disguised
short burst, after GRB 970228 and GRB 060614. Further confirmation of this re-
sult is that the soft tail of GRB 071227 fulfills the Amati relation.

18. M.G. Bernardini, C.L. Bianco, L. Caito, L. Izzo, B. Patricelli, R. Ruffini;
“Analysis of GRB060607A within the fireshell model: prompt emission,
X-ray flares and late afterglow phase”; Astronomy & Astrophysics, sub-
mitted to.

Context: GRB060607A is a very distant (z = 3.082) and energetic event (Eiso ∼
1053 erg). Its main peculiarity is that the peak of the near-infrared (NIR) af-
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terglow has been observed with the REM robotic telescope. This NIR peak
has been interpreted as the afterglow onset within the fireball forward shock
model, and the initial Lorentz gamma factor of the emitting system has been
inferred. Aims: We analyze GRB060607A within the fireshell model. We em-
phasize the central role of the prompt emission in determining the initial Lorentz
gamma factor of the extended afterglow and we interpret the X-ray flares as
produced by the interaction of the optically thin fireshell with overdense Cir-
cumBurst Medium (CBM) clumps. Methods: We deal only with the Swift BAT
and XRT observations, that are the basic contribution to the GRB emission and
that are neglected in the treatment adopted in the current literature. The nu-
merical modeling of the fireshell dynamics allows to calculate all its charac-
teristic quantities, in particular the exact value of the Lorentz gamma factor
at the transparency. Results: We show that the theoretically computed prompt
emission light curves are in good agreement with the observations in all the
Swift BAT energy bands as well as the spectra integrated over different time
intervals. The flares observed in the decaying phase of the X-ray afterglow are
also reproduced by the same mechanism, but in a region in which the typical
dimensions of the clumps are smaller than the visible area of the fireshell and
most energy lies in the X-ray band due to the hard-to-soft evolution. Conclu-
sions: We show that it is possible to obtain flares with ∆t/t compatible with the
observations when the three-dimensional structure of the CBM clumps is duly
taken into account. We stop our analysis at the beginning of the X-ray plateau
phase, since we suppose this originates from the instabilities developed in the
collision between different subshells within a structured fireshell.

19. G. de Barros, M. G. Bernardini, C.L. Bianco, L. Caito, L. Izzo, B. Patri-
celli, R. Ruffini; “On the nature of GRB 050509b: a disguised short
GRB”; Astronomy & Astrophyscs, 529, A130 (2011)

Context: GRB 050509b, detected by the Swift satellite, is the first case where an
X-ray afterglow has been observed associated with a short gamma-ray burst
(GRB). Within the fireshell model, the canonical GRB light curve presents two
different components: the proper-GRB (P-GRB) and the extended afterglow.
Their relative intensity is a function of the fireshell baryon loading parame-
ter B and of the CircumBurst Medium (CBM) density (nCBM). In particular,
the traditionally called short GRBs can be either “genuine” short GRBs (with
B . 10−5, where the P-GRB is energetically predominant) or “disguised” short
GRBs (with B & 3.0× 10−4 and nCBM � 1, where the extended afterglow is en-
ergetically predominant). Aims: We verify whether GRB 050509b can be clas-
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sified as a “genuine” short or a “disguised” short GRB, in the fireshell model.
Methods: We investigate two alternative scenarios. In the first, we start from
the assumption that this GRB is a “genuine” short burst. In the second attempt,
we assume that this GRB is a “disguised” burst. Results: If GRB 050509b were a
genuine short GRB, there should initially be very hard emission which is ruled
out by the observations. The analysis that assumes that this is a disguised
short GRB is compatible with the observations. The theoretical model predicts
a value of the extended afterglow energy peak that is consistent with the Am-
ati relation. Conclusions: GRB 050509b cannot be classified as a “genuine” short
GRB. The observational data are consistent with a “disguised” short GRB clas-
sification, i.e., a long burst with a weak extended afterglow “deflated” by the
low density of the CBM. We expect that all short GRBs with measured red-
shifts are disguised short GRBs because of a selection effect: if there is enough
energy in the afterglow to measure the redshift, then the proper GRB must be
less energetic than the afterglow. The Amati relation is found to be fulfilled
only by the extended afterglow excluding the P-GRB.

20. L. Caito, M.G. Bernardini, C.L. Bianco, L. Izzo, B. Patricelli, R. Ruffini;
“GRB 071227: another disguised short burst”; International Journal of
Modern Physics D, 20, 1931 (2011).

Observations of Gamma-ray Bursts (GRBs) put forward in the recent years
have revealed, with increasing evidence, that the historical classification be-
tween long and short bursts has to be revised. Within the Fireshell scenario,
both short and long bursts are canonical bursts, consisting of two different
phases. First, a Proper-GRB (P-GRB), that is the emission of photons at the
transparency of the fireshell. Then, the Extended Afterglow, multiwavelength
emission due to the interacion of the baryonic remnants of the fireshell with
the CircumBurst Medium (CBM). We discriminate between long and short
bursts by the amount of energy stored in the first phase with respect to the
second one. Within the Fireshell scenario, we have introduced a third interme-
diate class: the disguised GRBs. They appear like short bursts, because their
morphology is characterized by a first, short, hard episode and a following
deflated tail, but this last part — coincident with the peak of the afterglow —
is energetically predominant. The origin of this peculiar kind of sources is in-
ferred to a very low average density of the environment (of the order of 10−3).
After GRB 970228 and GRB 060614, we find in GRB 071227 a third example of
disguised burst.
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21. L. Izzo, M.G. Bernardini, C.L. Bianco, L. Caito, B. Patricelli, L.J. Rangel
Lemos, R. Ruffini; “GRB 080916C and the high-energy emission in the
fireshell scenario”; International Journal of Modern Physics D, 20, 1949
(2011).

In this paper we discuss a possible explanation for the high energy emission
(up to ∼ GeV) seen in GRB 080916C. We propose that the GeV emission is
originated by the collision between relativistic baryons in the fireshell after
the transparency and the nucleons located in molecular clouds near the burst
site. This collision should give rise pion production, whose immediate decay
provides high energy photons, neutrinos and leptons. Using a public code
(SYBILL) we simulate these relativistic collisions in their simple form, so that
we can draw our preliminar results in this paper. We will present moreover
our hypothesis that the delayed onset of this emission identifies in a complete
way the P-GRB emission.

22. B. Patricelli, M.G. Bernardini, C.L. Bianco, L. Caito, L. Izzo, R. Ruffini,
G. Vereshchagin; “A new spectral energy distribution of photons in the
fireshell model of GRBs”; International Journal of Modern Physics D,
20, 1983 (2011).

The analysis of various Gamma-Ray Bursts (GRBs) having a low energetics
(an isotropic energy Eiso . 1053 ergs) within the fireshell model has shown
how the N(E) spectrum of their prompt emission can be reproduced in a satis-
factory way by a convolution of thermal spectra. Nevertheless, from the study
of very energetic bursts (Eiso . 1054 ergs) such as, for example, GRB 080319B,
some discrepancies between the numerical simulations and the observational
data have been observed. We investigate a different spectrum of photons in
the comoving frame of the fireshell in order to better reproduce the spectral
properties of GRB prompt emission within the fireshell model. We introduce
a phenomenologically modified thermal spectrum: a thermal spectrum char-
acterized by a different asymptotic power-law index in the low energy region.
Such an index depends on a free parameter α, so that the pure thermal spec-
trum corresponds to the case α = 0. We test this spectrum by comparing the
numerical simulations with the observed prompt emission spectra of various
GRBs. From this analysis it has emerged that the observational data can be cor-
rectly reproduced by assuming a modified thermal spectrum with α = −1.8.

23. A.V. Penacchioni, R. Ruffini, L. Izzo, M. Muccino, C.L. Bianco, L. Caito,
B. Patricelli, L. Amati; “Evidence for a proto-black hole and a double
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astrophysical component in GRB 101023”; Astronomy & Astrophysics,
538, A58 (2012).

Context: It has been recently shown that GRB 090618, observed by AGILE,
Coronas Photon, Fermi, Konus, Suzaku and Swift, is composed of two very
different components: episode 1, lasting 50 s, shows a thermal plus power-law
spectrum with a characteristic temperature evolving in time as a power law;
episode 2 (the remaining 100 s) is a canonical long GRB. We have associated
episode 1 to the progenitor of a collapsing bare core leading to the formation
of a black hole: what was defined as a “proto black hole”. Aims: In precise
analogy with GRB 090618 we aim to analyze the 89s of the emission of GRB
101023, observed by Fermi, Gemini, Konus and Swift, to see if there are two
different episodes: the first one presenting a characteristic black-body temper-
ature evolving in time as a broken power law, and the second one consistent
with a canonical GRB. Methods: To obtain information on the spectra, we ana-
lyzed the data provided by the GBM detector onboard the Fermi satellite, and
we used the heasoft package XSPEC and RMFIT to obtain their spectral distri-
bution. We also used the numerical code GRBsim to simulate the emission in
the context of the fireshell scenario for episode 2. Results: We confirm that the
first episode can be well fit by a black body plus power-law spectral model.
The temperature changes with time following a broken power law, and the
photon index of the power-law component presents a soft-to-hard evolution.
We estimate that the radius of this source increases with time with a velocity
of 1.5× 104km/s. The second episode appears to be a canonical GRB. By using
the Amati and the Atteia relations, we determined the cosmological redshift,
z ∼ 0.9± 0.084(stat.)± 0.2(sys.). The results of GRB 090618 are compared and
contrasted with the results of GRB 101023. Particularly striking is the scaling
law of the soft X-ray component of the afterglow. Conclusions: We identify GRB
090618 and GRB 101023 with a new family of GRBs related to a single core col-
lapse and presenting two astrophysical components: a first one related to the
proto-black hole prior to the process of gravitational collapse (episode 1), and
a second one, which is the canonical GRB (episode 2) emitted during the for-
mation of the black hole. For the first time we are witnessing the process of
a black hole formation from the instants preceding the gravitational collapse
up to the GRB emission. This analysis indicates progress towards developing
a GRB distance indicator based on understanding the P-GRB and the prompt
emission, as well as the soft X-ray behavior of the late afterglow.

24. R. Negreiros, R. Ruffini, C. L. Bianco, J. A. Rueda; “Cooling of young
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neutron stars in GRB associated to supernovae”; Astronomy & Astro-
physics, 540, A12 (2012).

Context: The traditional study of neutron star cooling has been generally ap-
plied to quite old objects such as the Crab Pulsar (957 years) or the central
compact object in Cassiopeia A (330 years) with an observed surface tem-
perature ∼ 106 K. However, recent observations of the late (t = 108–109 s)
emission of the supernovae (SNe) associated to GRBs (GRB-SN) show a dis-
tinctive emission in the X-ray regime consistent with temperatures ∼ 107–108

K. Similar features have been also observed in two Type Ic SNe SN 2002ap
and SN 1994I that are not associated to GRBs. Aims: We advance the possi-
bility that the late X-ray emission observed in GRB-SN and in isolated SN is
associated to a hot neutron star just formed in the SN event, here defined as
a neo-neutron star. Methods: We discuss the thermal evolution of neo-neutron
stars in the age regime that spans from∼ 1 minute (just after the proto-neutron
star phase) all the way up to ages < 10–100 yr. We examine critically the key
factor governing the neo-neutron star cooling with special emphasis on the
neutrino emission. We introduce a phenomenological heating source, as well
as new boundary conditions, in order to mimic the high temperature of the at-
mosphere for young neutron stars. In this way we match the neo-neutron star
luminosity to the observed late X-ray emission of the GRB-SN events: URCA-
1 in GRB980425-SN1998bw, URCA-2 in GRB030329-SN2003dh, and URCA-3
in GRB031203-SN2003lw. Results: We identify the major role played by the
neutrino emissivity in the thermal evolution of neo-neutron stars. By calibrat-
ing our additional heating source at early times to ∼ 1012–1015 erg/g/s, we
find a striking agreement of the luminosity obtained from the cooling of a neo-
neutron stars with the prolonged (t = 108–109 s) X-ray emission observed in
GRB associated with SN. It is therefore appropriate a revision of the bound-
ary conditions usually used in the thermal cooling theory of neutron stars, to
match the proper conditions of the atmosphere at young ages. The traditional
thermal processes taking place in the crust might be enhanced by the extreme
high-temperature conditions of a neo-neutron star. Additional heating pro-
cesses that are still not studied within this context, such as e+e− pair creation
by overcritical fields, nuclear fusion, and fission energy release, might also
take place under such conditions and deserve further analysis. Conclusions:
Observation of GRB-SN has shown the possibility of witnessing the thermal
evolution of neo-neutron stars. A new campaign of dedicated observations is
recommended both of GRB-SN and of isolated Type Ic SN.
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25. L. Izzo, R. Ruffini, A.V. Penacchioni, C.L. Bianco, L. Caito, S.K. Chakrabarti,
J.A. Rueda, A. Nandi, B. Patricelli; “A double component in GRB 090618:
a proto-black hole and a genuinely long gamma-ray burst”; Astronomy
& Astrophysics, 543, A10 (2012).

Context: The joint X-ray and gamma-ray observations of GRB 090618 by very
many satellites offer an unprecedented possibility of testing crucial aspects of
theoretical models. In particular, they allow us to test (a) in the process of
gravitational collapse, the formation of an optically thick e+e.-baryon plasma
self-accelerating to Lorentz factors in the range 200 < Γ < 3000; (b) its trans-
parency condition with the emission of a component of 1053−54 baryons in the
TeV region and (c) the collision of these baryons with the circumburst medium
(CBM) clouds, characterized by dimensions of 1015−16 cm. In addition, these
observations offer the possibility of testing a new understanding of the ther-
mal and power-law components in the early phase of this GRB. Aims: We test
the fireshell model of GRBs in one of the closest (z = 0.54) and most ener-
getic (Eiso = 2.90 × 1053 erg) GRBs, namely GRB 090618. It was observed
at ideal conditions by several satellites, namely Fermi, Swift, Konus-WIND,
AGILE, RT-2, and Suzaku, as well as from on-ground optical observatories.
Methods: We analyzed the emission from GRB 090618 using several spectral
models, with special attention to the thermal and power-law components. We
determined the fundamental parameters of a canonical GRB within the con-
text of the fireshell model, including the identification of the total energy of the
e+e− plasma, Ee+e−

tot , the proper GRB (P-GRB), the baryon load, the density and
structure of the CBM. Results: We find evidence of the existence of two different
episodes in GRB 090618. The first episode lasts 50 s and is characterized by a
spectrum consisting of a thermal component, which evolves between kT = 54
keV and kT = 12 keV, and a power law with an average index γ = 1.75± 0.04.
The second episode, which lasts for ∼ 100 s, behaves as a canonical long GRB
with a Lorentz gamma factor at transparency of Γ = 495, a temperature at
transparency of 29.22 keV and with a characteristic size of the surrounding
clouds of Rcl ∼ 1015−16 cm and masses of∼ 1022−24 g. Conclusions: We support
the recently proposed two-component nature of GRB 090618, namely, episode
1 and episode 2, with a specific theoretical analysis.We furthermore illustrate
that episode 1 cannot be considered to be either a GRB or a part of a GRB
event, but it appears to be related to the progenitor of the collapsing bare core,
leading to the formation of the black hole, which we call a “proto-black hole”.
Thus, for the first time, we are witnessing the process of formation of a black
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hole from the phases just preceding the gravitational collapse all the way up
to the GRB emission.

26. B. Patricelli, M.G. Bernardini, C.L. Bianco, L. Caito, G. De Barros, L.
Izzo, R. Ruffini, G.V. Vereshchagin; “Analysis of GRB 080319B and GRB
050904 within the Fireshell Model: Evidence for a Broader Spectral En-
ergy Distribution”; The Astrophysical Journal, 756, 16 (2012).

The observation of GRB 080319B, with an isotropic energy Eiso = 1.32× 1054

erg, and GRB 050904, with Eiso = 1.04× 1054 erg, offers the possibility of study-
ing the spectral properties of the prompt radiation of two of the most energetic
Gamma Ray Bursts (GRBs). This allows us to probe the validity of the fireshell
model for GRBs beyond 1054 erg, well outside the energy range where it has
been successfully tested up to now (1049–1053 erg). We find that in the low en-
ergy region, the prompt emission spectra observed by Swift BAT reveals more
power than theoretically predicted. The opportunities offered by these obser-
vations to improve the fireshell model are outlined in this paper. One of the
distinguishing features of the fireshell model is that it relates the observed GRB
spectra to the spectrum in the comoving frame of the fireshell. Originally, a
fully radiative condition and a comoving thermal spectrum were adopted. An
additional power-law in the comoving thermal spectrum is required due to
the discrepancy of the theoretical and observed light curves and spectra in the
fireshell model for GRBs 080319B and 050904. A new phenomenological pa-
rameter α is correspondingly introduced in the model. We perform numerical
simulations of the prompt emission in the Swift BAT bandpass by assuming
different values of α within the fireshell model. We compare them with the
GRB 080319B and GRB 050904 observed time-resolved spectra, as well as with
their time-integrated spectra and light curves. Although GRB 080319B and
GRB 050904 are at very different redshifts (z=0.937 and z=6.29 respectively),
a value of α = −1.8 leads for both of them to a good agreement between the
numerical simulations and the observed BAT light curves, time-resolved and
time-integrated spectra. Such a modified spectrum is also consistent with the
observations of previously analyzed less energetic GRBs and reasons for this
additional agreement are given. Perspectives for future low energy missions
are outlined.

27. M. Muccino, R. Ruffini, C.L. Bianco, L. Izzo, A.V. Penacchioni; “GRB
090227B: The missing link between the genuine short and long GRBs”;
The Astrophysical Journal, 763, 125 (2013).
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The time-resolved spectral analysis of GRB 090227B, made possible by the
Fermi-GBM data, allows to identify in this source the missing link between
the genuine short and long GRBs. Within the Fireshell model of the Gamma-
Ray Bursts (GRBs) we predict genuine short GRBs: bursts with the same in-
ner engine of the long bursts but endowed with a severely low value of the
Baryon load, B . 5× 10−5. A first energetically predominant emission occurs
at the transparency of the e+e− plasma, the Proper-GRB (P-GRB), followed
by a softer emission, the extended afterglow. The typical separation between
the two emissions is expected to be of the order of 10−3 – 10−2 s. We iden-
tify the P-GRB of GRB 090227B in the first 96 ms of emission, where a thermal
component with the temperature kT = (517± 28) keV and a flux comparable
with the non thermal part of the spectrum is observed. This non thermal com-
ponent as well as the subsequent emission, where there is no evidence for a
thermal spectrum, is identified with the extended afterglow. We deduce a the-
oretical cosmological redshift z = 1.61± 0.14. We then derive the total energy
Etot

e+e− = (2.83± 0.15)× 1053 ergs, the Baryon load B = (4.13± 0.05)× 10−5, the
Lorentz Γ factor at transparency Γtr = (1.44± 0.01)× 104, and the intrinsic du-
ration ∆t′ ∼ 0.35 s. We also determine the average density of the CircumBurst
Medium (CBM), 〈nCBM〉 = (1.90± 0.20)× 10−5 particles/cm3. There is no ev-
idence of beaming in the system. In view of the energetics and of the Baryon
load of the source, as well as of the low interstellar medium and of the intrin-
sic time scale of the signal, we identify the GRB progenitor as a binary neutron
star. From the recent progress in the theory of neutron stars, we obtain masses
of the stars m1 = m2 = 1.34M� and their corresponding radii R1 = R2 = 12.24
km and thickness of their crusts ∼ 0.47 km, consistent with the above values
of the Baryon load, of the energetics and of the time duration of the event.

28. A.V. Penacchioni, R. Ruffini, C.L. Bianco, L. Izzo, M. Muccino, G.B.
Pisani, J.A. Rueda; “GRB 110709B in the induced gravitational collapse
paradigm”; Astronomy & Astrophysics, 551, A133 (2013).

Context: GRB 110709B is the first source for which Swift BAT triggered twice,
with a time separation of∼ 10 minutes. The first emission (called here Episode
1) goes from 40 s before the first trigger up to 60 s after it. The second emission
(hereafter Episode 2) goes from 35 s before the second trigger to 100 s after
it. These features reproduce the ones of GRB 090618, which has been recently
interpreted within the Induced Gravitational Collapse paradigm (IGC). In line
with this paradigm we assume the progenitor to be a close binary system com-
posed of a core of an evolved star and a Neutron Star (NS). The evolved star
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explodes as a Supernova (SN) and ejects material that is partially accreted by
the NS. We identify this process with Episode 1. The accretion process brings
the NS over its critical mass, thus gravitationally collapsing to a BH. This pro-
cess leads to the GRB emission, Episode 2. The double trigger has given for
the first time the possibility to have a coverage of the X-ray emission observed
by XRT both prior to and during the prompt phase of GRB 110709B. Aims:
We analyze the spectra and time variability of Episode 1 and 2 and compute
the relevant parameters of the binary progenitor, as well as the astrophysical
parameters both in the SN and the GRB phase in the IGC paradigm. Meth-
ods: We perform a time-resolved spectral analysis of Episode 1 by fitting the
spectrum with a blackbody (BB) plus a power-law (PL) spectral model. From
the BB fluxes and temperatures of Episode 1 and the luminosity distance dL,
we evaluate the evolution with time of the radius of the BB emitter, associ-
ated here to the evolution of the SN ejecta. We analyze Episode 2 within the
Fireshell model, identifying the Proper-GRB (P-GRB) and simulating the light
curve and spectrum. We establish the redshift to be z = 0.75, following the
phenomenological methods by Amati, by Yonetoku and by Grupe, and our
analysis of the late X-ray afterglow. It is most remarkable that the determina-
tion of the cosmological redshift on the ground of the scaling of the late X-ray
afterglow, already verified in GRB 090618 and GRB 101023, is again verified
by this analysis. Results: We find for Episode 1 a temperature of the BB com-
ponent that evolves with time following a broken PL, with the slope of the PL
at early times α = 0 (constant function) and the slope of the PL at late times
β = −4± 2. The break occurs at t = 41.21 s. The total energy of Episode 1
is E(1)

iso = 1.42× 1053 erg. The total energy of Episode 2 is E(2)
iso = 2.43× 1052

erg. We find at transparency a Lorentz factor Γ ∼ 1.73× 102, laboratory radius
of 6.04× 1013 cm, P-GRB observed temperature kTP−GRB = 12.36 keV, baryon
load B = 5.7× 10−3 and P-GRB energy of EP−GRB = 3.44× 1050 erg. We find a
remarkable coincidence of the cosmological redshift by the scaling of the XRT
data and with three other phenomenological methods. Conclusions: We inter-
pret GRB 110709B as a member of the IGC sources, together with GRB 970828,
GRB 090618 and GRB 101023. The existence of the XRT data during the prompt
phase of the emission of GRB 110709B (Episode 2) offers an unprecedented tool
for improving the diagnostic of GRBs emission.

29. G.B. Pisani, L. Izzo, R. Ruffini, C.L. Bianco, M. Muccino, A.V. Penac-
chioni, J.A. Rueda, Y. Wang; “Novel distance indicator for gamma-ray
bursts associated with supernovae”; Astronomy & Astrophysics, 552,
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L5 (2013).

Context: In recent years it has been proposed that the temporal coincidence of
a Gamma Ray Burst (GRB) and a type Ib/c supernova (SN) can be explained
by the concept of Induced Gravitational Collapse (IGC) of a Neutron Star (NS)
to a Black Hole (BH) by accretion of matter ejected by a SN Ib/c. This sce-
nario reveals a possible common behavior in the late time X-ray emission of
this subclass of GRBs. Aims: We want to test if such a common behavior can
actually be present in the sources belonging to this GRB sub-class and if this
may lead to a redshift estimator for these sources. Methods: We build a sample
of GRBs belonging to this sub-class, and we rescale the X-ray light curves of
all of them both in time and in flux to a common cosmological redshift. Re-
sults: We found that the X-ray light curves of all the GRBs of the sample with
a measured redshift present a common late time behavior when rescaled to
a common redshift z = 1. We then use this result to estimate the redshift of
the GRBs of the sample with no measured redshift. Conclusions: The common
behavior in the late decay of the X-ray light curves of the GRBs of the sample
points to a common physical mechanism in this particular phase of the GRB
emission, possibly related to the SN process. This scenario may represent an
invaluable tool to estimate the redshift of GRBs belonging to this sub-class of
events. More GRBs are therefore needed in order to enlarge the subclass and
to make more stringent constraints on the redshift estimates performed with
this method for GRBs pertaining to this class.

30. C.L. Bianco, M. G. Bernardini, L. Caito, G. De Barros, L. Izzo, M. Muc-
cino, B. Patricelli, A.V. Penacchioni, G.B. Pisani, R. Ruffini; “The canon-
ical GRB scenario”; Il Nuovo Cimento C, 36 s01, 21 (2013).

The canonical GRB scenario implied by the fireshell model is briefly summa-
rized.

31. A.V. Penacchioni, R. Ruffini, L. Izzo, M. Muccino, C.L. Bianco, L. Caito,
B. Patricelli; “Evidences for a double component in the emission of GRB
101023”; Il Nuovo Cimento C, 36 s01, 117 (2013).

In this work we present the results of the analysis of GRB 101023 in the fireshell
scenario. Its redshift is not known, so we attempted to infer it from the Am-
ati Relation, obtaining z = 0.9. Its light curve presents a double emission,
which makes it very similar to the already studied GRB 090618. We called
each part Episode 1 and Episode 2. We performed a time-resolved spectral
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analysis with RMFIT using different spectral models, and fitted the light curve
with a numerical code integrating the fireshell equations of motion. We used
Fermi GBM data to build the light curve, in particular the second NaI detec-
tor, in the range (8.5–1000 keV). We considered different hypotheses regarding
which part of the light curve could be the GRB and performed the analysis of
all of them. We noticed a great variation of the temperature with time in the
first episode, as well as almost no variation of the progenitor radius. We found
that the first emission does not match the requirements for a GRB, while the
second part perfectly agrees with being a canonical GRB, with a P-GRB lasting
4 s.

32. M. Muccino, R. Ruffini, C.L. Bianco, L. Izzo, A.V. Penacchioni, G.B.
Pisani; “GRB 090510: A Disguised Short Gamma-Ray Burst with the
Highest Lorentz Factor and Circumburst Medium”; The Astrophysical
Journal, 772, 62 (2013).

GRB 090510, observed both by Fermi and AGILE satellites, is the first bright
short-hard Gamma-Ray Burst (GRB) with an emission from the keV up to the
GeV energy range. Within the Fireshell model, we interpret the faint precur-
sor in the light curve as the emission at the transparency of the expanding
e+e− plasma: the Proper-GRB (P-GRB). From the observed isotropic energy
we assume a total plasma energy Etot

e+e− = (1.10± 0.06)× 1053erg and derive
a Baryon load B = (1.45± 0.28)× 10−3 and a Lorentz factor at transparency
Γtr = (6.7 ± 1.6) × 102. The main emission ∼ 0.4s after the initial spike is
interpreted as the extended afterglow, due to the interaction of the ultrarela-
tivistic baryons with the CircumBurst Medium (CBM). Using the condition of
fully radiative regime, we infer a CBM average spherically symmetric density
of 〈nCBM〉 = (1.85± 0.14)× 103 particles/cm3, one of the highest found in the
Fireshell model. The value of the filling factor, 1.5× 10−10 ≤ R ≤ 3.8× 10−8,
leads to the estimate of filaments with densities n f il = nCBM/R ≈ (106− 1014)

particles/cm3. The sub-MeV and the MeV emissions are well reproduced.
When compared to the canonical GRBs with 〈nCBM〉 ≈ 1 particles/cm3 and
to the disguised short GRBs with 〈nCBM〉 ≈ 10−3 particles/cm3, the case of
GRB 090510 leads to the existence of a new family of bursts exploding in an
over-dense galactic region with 〈nCBM〉 ≈ 103 particles/cm3. The joint effect
of the high Γtr and the high density compresses in time and “inflates” in inten-
sity the extended afterglow, making it appear as a short burst, which we here
define as “disguised short GRB by excess”. The determination of the above
parameters values may represent an important step towards the explanation
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of the GeV emission.

33. R. Ruffini, M. Muccino, C.L. Bianco, M. Enderli, L. Izzo, M. Kovacevic,
A.V. Penacchioni, G.B. Pisani, J.A. Rueda, Y. Wang; “On Binary Driven
Hypernovae and their nested late X-ray emission”; Astronomy & As-
trophysics, 565, L10 (2014).

Context: The induced gravitational collapse (IGC) paradigm addresses the very
energetic (1052–1054 erg) long gamma-ray bursts (GRBs) associated to super-
novae (SNe). Unlike the traditional “collapsar” model, an evolved FeCO core
with a companion neutron star (NS) in a tight binary system is considered as
the progenitor. This special class of sources, here named “binary driven hyper-
novae” (BdHNe), presents a composite sequence composed of four different
episodes with precise spectral and luminosity features.
Aims: We first compare and contrast the steep decay, the plateau, and the
power-law decay of the X-ray luminosities of three selected BdHNe (GRB 060729,
GRB 061121, and GRB 130427A). Second, to explain the different sizes and
Lorentz factors of the emitting regions of the four episodes, for definiteness,
we use the most complete set of data of GRB 090618. Finally, we show the pos-
sible role of r-process, which originates in the binary system of the progenitor.
Methods: We compare and contrast the late X-ray luminosity of the above three
BdHNe. We examine correlations between the time at the starting point of
the constant late power-law decay t∗a , the average prompt luminosity 〈Liso〉,
and the luminosity at the end of the plateau La. We analyze a thermal emis-
sion (∼ 0.97–0.29 keV), observed during the X-ray steep decay phase of GRB
090618.
Results: The late X-ray luminosities of the three BdHNe, in the rest-frame en-
ergy band 0.3–10 keV, show a precisely constrained “nested” structure. In a
space-time diagram, we illustrate the different sizes and Lorentz factors of the
emitting regions of the three episodes. For GRB 090618, we infer an initial di-
mension of the thermal emitter of ∼ 7× 1012 cm, expanding at Γ ≈ 2. We find
tighter correlations than the Dainotti-Willingale ones.
Conclusions: We confirm a constant slope power-law behavior for the late X-
ray luminosity in the source rest frame, which may lead to a new distance
indicator for BdHNe. These results, as well as the emitter size and Lorentz
factor, appear to be inconsistent with the traditional afterglow model based
on synchrotron emission from an ultra-relativistic (Γ ∼ 102–103) collimated jet
outflow. We argue, instead, for the possible role of r-process, originating in the
binary system, to power the mildly relativistic X-ray source.
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34. R. Ruffini, L. Izzo, M. Muccino, G.B. Pisani, J.A. Rueda, Y. Wang, C. Bar-
barino, C.L. Bianco, M. Enderli, M. Kovacevic; “Induced gravitational
collapse at extreme cosmological distances: the case of GRB 090423”;
Astronomy & Astrophysics, 569, A39 (2014).

Context: The induced gravitational collapse (IGC) scenario has been intro-
duced in order to explain the most energetic gamma ray bursts (GRBs), Eiso =

1052 − 1054 erg, associated with type Ib/c supernovae (SNe). It has led to the
concept of binary-driven hypernovae (BdHNe) originating in a tight binary
system composed by a FeCO core on the verge of a SN explosion and a com-
panion neutron star (NS). Their evolution is characterized by a rapid sequence
of events: 1) The SN explodes, giving birth to a new NS (νNS). The accretion
of SN ejecta onto the companion NS increases its mass up to the critical value;
2) The consequent gravitational collapse is triggered, leading to the formation
of a black hole (BH) with GRB emission; 3) A novel feature responsible for
the emission in the GeV, X-ray, and optical energy range occurs and is charac-
terized by specific power-law behavior in their luminosity evolution and total
spectrum; 4) The optical observations of the SN then occurs.
Aims: We investigate whether GRB 090423, one of the farthest observed GRB
at z = 8.2, is a member of the BdHN family.
Methods: We compare and contrast the spectra, the luminosity evolution, and
the detectability in the observations by Swift of GRB 090423 with the corre-
sponding ones of the best known BdHN case, GRB 090618.
Results: Identification of constant slope power-law behavior in the late X-ray
emission of GRB 090423 and its overlapping with the corresponding one in
GRB 090618, measured in a common rest frame, represents the main result of
this article. This result represents a very significant step on the way to using
the scaling law properties, proven in Episode 3 of this BdHN family, as a cos-
mological standard candle.
Conclusions: Having identified GRB 090423 as a member of the BdHN family,
we can conclude that SN events, leading to NS formation, can already occur
already at z = 8.2, namely at 650 Myr after the Big Bang. It is then possible
that these BdHNe originate stem from 40-60 M� binaries. They are probing the
Population II stars after the completion and possible disappearance of Popu-
lation III stars.

35. M. Muccino, C.L. Bianco, L. Izzo, Y. Wang, M. Enderli, M. Kovace-
vic, G.B. Pisani, A.V. Penacchioni, R. Ruffini; “The Genuine Short GRB
090227B and the Disguised by Excess GRB 090510”; Gravitation and
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Cosmology, 20, 197 (2014).

GRB 090227B and GRB 090510, traditionally classified as short gamma-ray
Bursts (GRBs), indeed originate from different systems. For GRB 090227B we
inferred a total energy of the e+e− plasma Etot

e+e− = (2.83± 0.15)× 1053 erg, a
baryon load of B = (4.1± 0.05) × 10−5, and a CircumBurst Medium (CBM)
average density 〈nCBM〉 = (1.90± 0.20)× 10−5 cm−3. From these results we
have assumed the progenitor of this burst to be a symmetric neutron stars
(NSs) merger with masses m = 1.34M�, radii R = 12.24 km. GRB 090510,
instead, has Etot

e+e− = (1.10 ± 0.06) × 1053 erg, B = (1.45 ± 0.28) × 10−3, im-
plying a Lorentz factor at transparency of Γ = (6.7 ± 1.7) × 102, which are
characteristic of the long GRB class, and a very high CBM density, 〈nCBM〉 =
(1.85± 0.14)× 103 cm−3. The joint effect of the high values of Γ and of 〈nCBM〉
compresses in time and “inflates” in intensity in an extended afterglow, mak-
ing appear GRB 090510 as a short burst, which we here define as “disguised
short GRB by excess” occurring an overdense region with 103 cm−3.

36. M. Muccino, C.L. Bianco, L. Izzo, Y. Wang, M. Enderli, G.B. Pisani, A.V.
Penacchioni, R. Ruffini; “Two short bursts originating from different as-
trophysical systems: The genuine short GRB 090227B and the disguised
short GRB 090510 by excess”; Journal of the Korean Physical Society, 65,
865 (2014).

GRB 090227B and GRB 090510 are two gamma-ray bursts (GRBs) traditionally
classified as short bursts. The major outcome of our analysis is that they indeed
originate from different systems. In the case of GRB 090227B, from the inferred
values of the total energy of the e+e− plasma, Etot

e+e− = (2.83 ± 0.15) × 1053

erg, the engulfed baryonic mass MB, expressed as B = MBc2/Etot
e+e− = (4.1±

0.05)× 10−5, and the circumburst medium (CBM) average density, 〈nCBM〉 =
(1.90± 0.20)× 10−5 cm−3, we have assumed the progenitor of this burst to be a
symmetric neutron star (NS) merger with masses m = 1.34M�, radii R = 12.24
km, and crustal thicknesses of ∼ 0.47 km. In the case of GRB 090510, we
have derived the total plasma energy, Etot

e+e− = (1.10 ± 0.06) × 1053 erg, the
Baryon load, B = (1.45± 0.28)× 10−3, and the Lorentz factor at transparency,
Γ = (6.7± 1.7)× 102, which are characteristic of the long GRB class, as well
as a very high CBM density, 〈nCBM〉 = (1.85 ± 0.14) × 103 cm−3. The joint
effect of the high values of Γ and 〈nCBM〉 compresses in time and “inflates”
in intensity the extended afterglow, making GRB 090510 appear to be a short
burst, which we here define as a “disguised short GRB by excess”, occurring
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in an overdense region with 103 cm−3.

37. R. Ruffini, Y. Wang, M. Kovacevic, C.L. Bianco, M. Enderli, M. Muc-
cino, A.V. Penacchioni, G.B. Pisani, J. Rueda; “GRB 130427A and SN
2013cq: A Multi-wavelength Analysis of An Induced Gravitational Col-
lapse Event”; The Astrophysical Journal, 798, 10 (2015).

We have performed our data analysis of the observations by Swift, NuStar
and Fermi satellites in order to probe the induced gravitational collapse (IGC)
paradigm for GRBs associated with supernovae (SNe), in the “terra incognita”
of GRB 130427A. We compare and contrast our data analysis with those in
the literature. We have verified that the GRB 130427A conforms to the IGC
paradigm by examining the power law behavior of the luminosity in the early
104 s of the XRT observations. This has led to the identification of the four
different episodes of the “binary driven hypernovae” (BdHNe) and to the pre-
diction, on May 2, 2013, of the occurrence of SN 2013cq, duly observed in the
optical band on May 13, 2013. The exceptional quality of the data has allowed
the identification of novel features in Episode 3 including: a) the confirmation
and the extension of the existence of the recently discovered “nested struc-
ture” in the late X-ray luminosity in GRB 130427A, as well as the identification
of a spiky structure at 102 s in the cosmological rest-frame of the source; b) a
power law emission of the GeV luminosity light curve and its onset at the end
of Episode 2; c) different Lorentz Γ factors for the emitting regions of the X-ray
and GeV emissions in this Episode 3. These results make it possible to test the
details of the physical and astrophysical regimes at work in the BdHNe: 1) a
newly born neutron star and the supernova ejecta, originating in Episode 1, 2)
a newly formed black hole originating in Episode 2, and 3) the possible interac-
tion among these components, observable in the standard features of Episode
3.

38. M. Muccino, R. Ruffini, C.L. Bianco, M. Enderli, M. Kovacevic, L. Izzo,
A.V. Penacchioni, G.B. Pisani, J.A. Rueda, Y. Wang; “On binary driven
hypernovae and their nested late X-ray emission”; Astronomy Reports,
59, 581 (2015).

The induced gravitational collapse (IGC) paradigm addresses energetic (1052–
1054 erg), long gamma-ray bursts (GRBs) associated to supernovae (SNe) and
proposes as their progenitors tight binary systems composed of an evolved
FeCO core and a companion neutron star (NS). Their emission is characterized
by four specific episodes: Episode 1, corresponding to the on-set of the FeCO
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SN explosion and the accretion of the ejecta onto the companion NS; Episode 2,
related the collapse of the companion NS to a black hole (BH) and to the emis-
sion of a long GRB; Episode 3, observed in X-rays and characterized by a steep
decay, a plateau phase and a late power-law decay; Episode 4, corresponding
to the optical SN emission due to the 56Ni decay. We focus on Episode 3 and
we show that, from the thermal component observed during the steep decay
of the prototype GRB 090618, the emission region has a typical dimension of
∼ 1013 cm, which is inconsistent with the typical size of the emitting region of
GRBs, e.g., ∼ 1016 cm. We propose, therefore, that the X-ray afterglow emis-
sion originates from a spherically symmetric SN ejecta expanding at Γ ∼ 2 or,
possibly, from the accretion onto the newly formed black hole, and we name
these systems “binary driven hypernovae” (BdHNe). This interpretation is
alternative to the traditional afterglow model based on the GRB synchrotron
emission from a collimated jet outflow, expanding at ultra-relativistic Lorentz
factor of Γ ∼ 102 − 103 and originating from the collapse of a single object. We
show then that the rest-frame energy band 0.3–10 keV X-ray luminosities of
three selected BdHNe, GRB 060729, GRB 061121, and GRB 130427A, evidence
a precisely constrained ”nested” structure and satisfy precise scaling laws be-
tween the average prompt luminosity, < Liso >, and the luminosity at the end
of the plateau, La, as functions of the time at the end of the plateau. All these
features extend the applicability of the “cosmic candle” nature of Episode 3.
The relevance of r-process in fulfilling the demanding scaling laws and the
nested structure are indicated.

39. R. Ruffini, J.A. Rueda, C. Barbarino, C. L. Bianco, H. Dereli, M. Enderli,
L. Izzo, M. Muccino, A.V. Penacchioni, G.B. Pisani, Y. Wang; “Induced
Gravitational Collapse in the BATSE era: the case of GRB 970828”; As-
tronomy Reports, 59, 626 (2015).

Following the recently established “Binary-driven HyperNova” (BdHN) paradigm,
we here interpret GRB 970828 in terms of the four episodes typical of such a
model. The “Episode 1”, up to 40 s after the trigger time t0, with a time varying
thermal emission and a total energy of Eiso,1st = 2.60× 1053 erg, is interpreted
as due to the onset of an hyper-critical accretion process onto a companion
neutron star, triggered by the companion star, an FeCO core approaching a SN
explosion. The “Episode 2”, observed up t0+90 s, is interpreted as a canonical
gamma ray burst, with an energy of Ee+e−

tot = 1.60× 1053 erg, a baryon load of
B = 7× 10−3 and a bulk Lorentz factor at transparency of Γ = 142.5. From this
Episode 2, we infer that the GRB exploded in an environment with a large av-
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erage particle density 〈n〉 ≈ 103 particles/cm3 and dense clouds characterized
by typical dimensions of (4 ÷ 8) ×1014 cm and δn/n ∼ 10. The “Episode 3” is
identified from t0+90 s all the way up to 105−6 s: despite the paucity of the early
X-ray data, typical in the BATSE, pre-Swift era, we find extremely significant
data points in the late X-ray afterglow emission of GRB 970828, which corre-
sponds to the ones observed in all BdHNe sources. The “Episode 4”, related to
the Supernova emission, does not appear to be observable in this source, due
to the presence of darkening from the large density of the GRB environment,
also inferred from the analysis of the Episode 2.

40. Y. Wang, R. Ruffini, M. Kovacevic, C.L. Bianco, M. Enderli, M. Muc-
cino, A.V. Penacchioni, G.B. Pisani, J.A. Rueda; “Predicting supernova
associated to gamma-ray burst 130427a”; Astronomy Reports, 59, 667
(2015).

Binary systems constituted by a neutron star and a massive star are not rare
in the universe. The Induced Gravitational Gamma-ray Burst (IGC) paradigm
interprets Gamma-ray bursts as the outcome of a neutron star that collapses
into a black hole due to the accretion of the ejecta coming from its companion
massive star that underwent a supernova event. GRB 130427A is one of the
most luminous GRBs ever observed, of which isotropic energy exceeds 1054

erg. And it is within one of the few GRBs obtained optical, X-ray and GeV
spectra simultaneously for hundreds of seconds, which provides an unique
opportunity so far to understand the multi-wavelength observation within the
IGC paradigm, our data analysis found low Lorentz factor blackbody emission
in the Episode 3 and its X-ray light curve overlaps typical IGC Golden Sample,
which comply to the IGC mechanisms. We consider these findings as clues of
GRB 130427A belonging to the IGC GRBs. We predicted on GCN the emer-
gence of a supernova on May 2, 2013, which was later successfully detected on
May 13, 2013.

41. R. Ruffini, M. Muccino, M. Kovacevic, F.G. Oliveira, J.A. Rueda, C.L.
Bianco, M. Enderli, A.V. Penacchioni, G.B. Pisani, Y. Wang, E. Zaninoni;
“GRB 140619B: a short GRB from a binary neutron star merger leading
to black hole formation”; The Astrophysical Journal, 808, 190 (2015).

We show the existence of two families of short GRBs, both originating from
the merger of binary neutron stars (NSs): family-1 with Eiso < 1052 erg, lead-
ing to a massive NS as the merged core, and family-2 with Eiso > 1052 erg,
leading to a black hole (BH). Following the identification of the prototype
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GRB 090227B, we present the details of a new example of family-2 short burst:
GRB 140619B. From the spectral analysis of the early ∼ 0.2 s, we infer an ob-
served temperature kT = (324± 33) keV of the e+e−-plasma at transparency
(P-GRB), a theoretically derived redshift z = 2.67± 0.37, a total burst energy
Etot

e+e− = (6.03± 0.79)× 1052 erg, a rest-frame peak energy Ep,i = 4.7 MeV, and
a baryon load B = (5.52± 0.73)× 10−5. We also estimate the corresponding
emission of gravitational waves. Two additional examples of family-2 short
bursts are identified: GRB 081024B and GRB 090510, remarkable for its well de-
termined cosmological distance. We show that marked differences exist in the
nature of the afterglows of these two families of short bursts: family-2 bursts,
leading to BH formation, consistently exhibit high energy emission following
the P-GRB emission; family-1 bursts, leading to the formation of a massive NS,
should never exhibit high energy emission. We also show that both the fami-
lies fulfill an Ep,i–Eiso relation with slope γ = 0.59± 0.07 and a normalization
constant incompatible with the one for long GRBs. The observed rate of such
family-2 events is ρ0 =

(
2.1+2.8
−1.4

)
× 10−4Gpc−3yr−1.

42. R. Ruffini, Y. Aimuratov, C.L. Bianco, M. Enderli, M. Kovacevic, R.
Moradi, M. Muccino, A.V. Penacchioni, G.B. Pisani, J.A. Rueda, Y. Wang;
“Induced gravitational collapse in FeCO Core-Neutron star binaries and
Neutron star-Neutron star binary mergers”; International Journal of
Modern Physics A, 30, 1545023 (2015).

We review the recent progress in understanding the nature of gamma-ray bursts
(GRBs). The occurrence of GRB is explained by the Induced Gravitational Col-
lapse (IGC) in FeCO Core-Neutron star binaries and Neutron star-Neutron star
binary mergers, both processes occur within binary system progenitors. Mak-
ing use of this most unexpected new paradigm, with the fundamental impli-
cations by the neutron star (NS) critical mass, we find that different initial con-
figurations of binary systems lead to different GRB families with specific new
physical predictions confirmed by observations.

5.2 Conference proceedings

1. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,
V. Gurzadyan, L. Vitagliano, S.-S. Xue; “The Blackholic energy: long
and short Gamma-Ray Bursts (New perspectives in physics and astro-
physics from the theoretical understanding of Gamma-Ray Bursts, II)”;
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in Proceedings of the XIth Brazilian School on Cosmology and Gravita-
tion, Mangaratiba, Rio de Janeiro (Brazil), July August 2004, M. Nov-
ello, S.E. Perez Bergliaffa, Editors; AIP Conference Proceedings, 782, 42
(2005).

We outline the confluence of three novel theoretical fields in our modeling
of Gamma-Ray Bursts (GRBs): 1) the ultrarelativistic regime of a shock front
expanding with a Lorentz gamma factor ∼ 300; 2) the quantum vacuum po-
larization process leading to an electron-positron plasma originating the shock
front; and 3) the general relativistic process of energy extraction from a black
hole originating the vacuum polarization process. There are two different
classes of GRBs: the long GRBs and the short GRBs. We here address the
issue of the long GRBs. The theoretical understanding of the long GRBs has
led to the detailed description of their luminosities in fixed energy bands, of
their spectral features and made also possible to probe the astrophysical sce-
nario in which they originate. We are specially interested, in this report, to a
subclass of long GRBs which appear to be accompanied by a supernova explo-
sion. We are considering two specific examples: GRB980425/SN1998bw and
GRB030329/SN2003dh. While these supernovae appear to have a standard
energetics of 1049 ergs, the GRBs are highly variable and can have energetics
104 – 105 times larger than the ones of the supernovae. Moreover, many long
GRBs occurs without the presence of a supernova. It is concluded that in no
way a GRB can originate from a supernova. The precise theoretical under-
standing of the GRB luminosity we present evidence, in both these systems,
the existence of an independent component in the X-ray emission, usually in-
terpreted in the current literature as part of the GRB afterglow. This compo-
nent has been observed by Chandra and XMM to have a strong decay on scale
of months. We have named here these two sources respectively URCA-1 and
URCA-2, in honor of the work that George Gamow and Mario Shoenberg did
in 1939 in this town of Urca identifying the basic mechanism, the Urca pro-
cesses, leading to the process of gravitational collapse and the formation of
a neutron star and a supernova. The further hypothesis is considered to re-
late this X-ray source to a neutron star, newly born in the Supernova. This
hypothesis should be submitted to further theoretical and observational in-
vestigation. Some theoretical developments to clarify the astrophysical origin
of this new scenario are outlined. We turn then to the theoretical develop-
ments in the short GRBs: we first report some progress in the understanding
the dynamical phase of collapse, the mass-energy formula and the extraction
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of blackholic energy which have been motivated by the analysis of the short
GRBs. In this context progress has also been accomplished on establishing an
absolute lower limit to the irreducible mass of the black hole as well as on some
critical considerations about the relations of general relativity and the second
law of thermodynamics. We recall how this last issue has been one of the
most debated in theoretical physics in the past thirty years due to the work of
Bekenstein and Hawking. Following these conceptual progresses we analyze
the vacuum polarization process around an overcritical collapsing shell. We
evidence the existence of a separatrix and a dyadosphere trapping surface in
the dynamics of the electron-positron plasma generated during the process of
gravitational collapse. We then analyze, using recent progress in the solution
of the Vlasov-Boltzmann-Maxwell system, the oscillation regime in the created
electron-positron plasma and their rapid convergence to a thermalized spec-
trum. We conclude by making precise predictions for the spectra, the energy
fluxes and characteristic time-scales of the radiation for short-bursts. If the
precise luminosity variation and spectral hardening of the radiation we have
predicted will be confirmed by observations of short-bursts, these systems will
play a major role as standard candles in cosmology. These considerations will
also be relevant for the analysis of the long-bursts when the baryonic matter
contribution will be taken into account.

2. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,
V. Gurzadyan, L. Vitagliano, S.-S. Xue; “Black hole physics and astro-
physics: The GRB-Supernova connection and URCA-1 URCA-2”; in
Proceedings of the Tenth Marcel Grossmann Meeting on General Rela-
tivity, Rio de Janeiro, Brazil, July 2003, M. Novello, S.E. Perez-Bergliaffa,
Editors; p. 369; World Scientific, (Singapore, 2006).

We outline the confluence of three novel theoretical fields in our modeling
of Gamma-Ray Bursts (GRBs): 1) the ultrarelativistic regime of a shock front
expanding with a Lorentz gamma factor ∼ 300; 2) the quantum vacuum po-
larization process leading to an electron-positron plasma originating the shock
front; and 3) the general relativistic process of energy extraction from a black
hole originating the vacuum polarization process. There are two different
classes of GRBs: the long GRBs and the short GRBs. We here address the
issue of the long GRBs. The theoretical understanding of the long GRBs has
led to the detailed description of their luminosities in fixed energy bands, of
their spectral features and made also possible to probe the astrophysical sce-
nario in which they originate. We are specially interested, in this report, to a
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subclass of long GRBs which appear to be accompanied by a supernova explo-
sion. We are considering two specific examples: GRB980425/SN1998bw and
GRB030329/SN2003dh. While these supernovae appear to have a standard en-
ergetics of 1049 ergs, the GRBs are highly variable and can have energetics 104

– 105 times larger than the ones of the supernovae. Moreover, many long GRBs
occurs without the presence of a supernova. It is concluded that in no way a
GRB can originate from a supernova. The precise theoretical understanding of
the GRB luminosity we present evidence, in both these systems, the existence
of an independent component in the X-ray emission, usually interpreted in
the current literature as part of the GRB afterglow. This component has been
observed by Chandra and XMM to have a strong decay on scale of months.
We have named here these two sources respectively URCA-1 and URCA-2, in
honor of the work that George Gamow and Mario Shoenberg did in 1939 in
this town of Urca identifying the basic mechanism, the Urca processes, lead-
ing to the process of gravitational collapse and the formation of a neutron star
and a supernova. The further hypothesis is considered to relate this X-ray
source to a neutron star, newly born in the Supernova. This hypothesis should
be submitted to further theoretical and observational investigation. Some the-
oretical developments to clarify the astrophysical origin of this new scenario
are outlined.

3. M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti, R. Ruffini,
S.-S. Xue; “General features of GRB 030329 in the EMBH model”; in
Proceedings of the Tenth Marcel Grossmann Meeting on General Rela-
tivity, Rio de Janeiro, Brazil, July 2003, M. Novello, S.E. Perez-Bergliaffa,
Editors; p. 2459; World Scientific, (Singapore, 2006).

GRB 030329 is considered within the EMBH model. We determine the three
free parameters and deduce its luminosity in given energy bands comparing
it with the observations. The observed substructures are compared with the
predictions of the model: by applying the result that substructures observed
in the extended afterglow peak emission (E-APE) do indeed originate in the
collision of the accelerated baryonic matter (ABM) pulse with the inhomo-
geneities in the interstellar medium around the black-hole, masks of density
inhomogeneities are considered in order to reproduce the observed temporal
substructures. The induced supernova concept is applied to this system and
the general consequences that we are witnessing are the formation of a cos-
mological thriptych of a black hole originating the GRB 030329, the supernova
SN2003dh and a young neutron star. Analogies to the system GRB 980425–
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SN1998bw are outlined.

4. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, A. Corsi, F.
Fraschetti, S.-S. Xue; “GRB 970228 and its associated Supernova in the
EMBH model”; in Proceedings of the Tenth Marcel Grossmann Meeting
on General Relativity, Rio de Janeiro, Brazil, July 2003, M. Novello, S.E.
Perez-Bergliaffa, Editors; p. 2465; World Scientific, (Singapore, 2006).

The γ-ray burst of 1997 February 28 is analyzed within the Electromagnetic
Black Hole model. We first estimate the value of the total energy deposited
in the dyadosphere, Edya, and the amount of baryonic matter left over by the
EMBH progenitor star, B = MBc2/Edya. We then consider the role of the inter-
stellar medium number density nISM and of the ratio R between the effective
emitting area and the total surface area of the γ-ray burst source, in reproduc-
ing the prompt emission and the X-ray afterglow of this burst. Some consider-
ations are also done concerning the possibility of explaining, within the theory,
the observed evidence for a supernova in the optical afterglow.

5. F. Fraschetti, M.G. Bernardini, C.L. Bianco, P. Chardonnet, R. Ruffini,
S.-S. Xue; “Inferences on the ISM structure around GRB980425 and
GRB980425-SN1998bw association in the EMBH Model”; in Proceed-
ings of the Tenth Marcel Grossmann Meeting on General Relativity, Rio
de Janeiro, Brazil, July 2003, M. Novello, S.E. Perez-Bergliaffa, Editors;
p. 2451; World Scientific, (Singapore, 2006).

We determine the four free parameters within the EMBH model for GRB 980425
and deduce its luminosity in given energy bands, its spectra and its time vari-
ability in the prompt radiation. We compute the basic kinematical parameters
of GRB 980425. In the extended afterglow peak emission the Lorentz γ factor
is lower than the critical value 150 which has been found in Ruffini et al. (2002)
to be necessary in order to perform the tomography of the ISM surrounding
the GRB as suggested by Dermer & Mitman (1999). The detailed structure of
the density inhomogeneities as well as the effects of radial apparent superlu-
minal effects are evaluated within the EMBH model. Under the assumption
that the energy distribution of emitted radiation is thermal in the comoving
frame, time integrated spectra of EMBH model for prompt emission are com-
puted. The induced supernova concept is applied to this system and general
consequences on the astrophysical and cosmological scenario are derived.

6. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,
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R. Guida, S.-S. Xue; “GRB 050315: A step in the proof of the unique-
ness of the overall GRB structure”; in “GAMMA-RAY BURSTS IN THE
SWIFT ERA: Sixteenth Maryland Astrophysics Conference”, Washing-
ton, DC, USA, November 29th December 2nd 2005, Stephen S. Holt,
Neil Gehrels, John A. Nousek, Editors; AIP Conference Proceedings,
836, 103 (2006).

Using the Swift data of GRB 050315, we progress in proving the uniqueness
of our theoretically predicted Gamma-Ray Burst (GRB) structure as composed
by a proper-GRB, emitted at the transparency of an electron-positron plasma
with suitable baryon loading, and an afterglow comprising the “prompt radia-
tion” as due to external shocks. Detailed light curves for selected energy bands
are theoretically fitted in the entire temporal region of the Swift observations
ranging over 106 seconds.

7. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,
S.-S. Xue; “Theoretical Interpretation of GRB 031203 and URCA-3”; in
“Relativistic Astrophysics and Cosmology - Einsteins Legacy”, B. As-
chenbach, V. Burwitz, G. Hasinger, B. Leibundgut, Editors; Springer-
Verlag (2007).

8. R. Ruffini, M.G. Bernardini, C.L. Bianco, L. Caito, P. Chardonnet, M.G.
Dainotti, F. Fraschetti, R. Guida, M. Rotondo, G. Vereshchagin, L. Vita-
-gliano, S.-S. Xue; “The Blackholic energy and the canonical Gamma-
Ray Burst”; in Proceedings of the XIIth Brazilian School on Cosmology
and Gravitation, Mangaratiba, Rio de Janeiro (Brazil), September 2006,
M. Novello, S.E. Perez Bergliaffa, Editors; AIP Conference Proceedings,
910, 55 (2007).

Gamma-Ray Bursts (GRBs) represent very likely “the” most extensive compu-
tational, theoretical and observational effort ever carried out successfully in
physics and astrophysics. The extensive campaign of observation from space
based X-ray and γ-ray observatory, such as the Vela, CGRO, BeppoSAX, HETE-
II, INTEGRAL, Swift, R-XTE, Chandra, XMM satellites, have been matched by
complementary observations in the radio wavelength (e.g. by the VLA) and
in the optical band (e.g. by VLT, Keck, ROSAT). The net result is unprece-
dented accuracy in the received data allowing the determination of the ener-
getics, the time variability and the spectral properties of these GRB sources.
The very fortunate situation occurs that these data can be confronted with a
mature theoretical development. Theoretical interpretation of the above data
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allows progress in three different frontiers of knowledge: a) the ultrarelativis-
tic regimes of a macroscopic source moving at Lorentz gamma factors up to
∼ 400; b) the occurrence of vacuum polarization process verifying some of the
yet untested regimes of ultrarelativistic quantum field theories; and c) the first
evidence for extracting, during the process of gravitational collapse leading to
the formation of a black hole, amounts of energies up to 1055 ergs of black-
holic energy — a new form of energy in physics and astrophysics. We outline
how this progress leads to the confirmation of three interpretation paradigms
for GRBs proposed in July 2001. Thanks mainly to the observations by Swift
and the optical observations by VLT, the outcome of this analysis points to the
existence of a “canonical” GRB, originating from a variety of different initial
astrophysical scenarios. The communality of these GRBs appears to be that
they all are emitted in the process of formation of a black hole with a negligi-
ble value of its angular momentum. The following sequence of events appears
to be canonical: the vacuum polarization process in the dyadosphere with the
creation of the optically thick self accelerating electron-positron plasma; the
engulfment of baryonic mass during the plasma expansion; adiabatic expan-
sion of the optically thick “fireshell” of electron-positron-baryon plasma up
to the transparency; the interaction of the accelerated baryonic matter with
the interstellar medium (ISM). This leads to the canonical GRB composed of a
proper GRB (P-GRB), emitted at the moment of transparency, followed by an
extended afterglow. The sole parameters in this scenario are the total energy
of the dyadosphere Edya, the fireshell baryon loading MB defined by the di-
mensionless parameter B ≡ MBc2/Edya, and the ISM filamentary distribution
around the source. In the limit B → 0 the total energy is radiated in the P-
GRB with a vanishing contribution in the afterglow. In this limit, the canonical
GRBs explain as well the short GRBs. In these lecture notes we systematically
outline the main results of our model comparing and contrasting them with
the ones in the current literature. In both cases, we have limited ourselves to
review already published results in refereed publications. We emphasize as
well the role of GRBs in testing yet unexplored grounds in the foundations of
general relativity and relativistic field theories.

9. R. Ruffini, M.G. Bernardini, C.L. Bianco, L. Caito, P. Chardonnet, M.G.
Dainotti, F. Fraschetti, R. Guida, G. Vereshchagin, S.-S. Xue; “The role of
GRB 031203 in clarifying the astrophysical GRB scenario”; in Proceed-
ings of the 6th Integral Workshop - The Obscured Universe, Moscow,
(Russia), July 2006, S. Grebenev, R. Sunyaev, C. Winkler, A. Parmar, L.
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Ouwehand, Editors; ESA Special Publication, SP-622, 561 (2007).

The luminosity and the spectral distribution of the afterglow of GRB 031203
have been presented within our theoretical framework, which envisages the
GRB structure as composed by a proper-GRB, emitted at the transparency of
an electron-positron plasma with suitable baryon loading, and an afterglow
comprising the “prompt emission” as due to external shocks. In addition to
the GRB emission, there appears to be a prolonged soft X-Ray emission lasting
for 106–107 seconds followed by an exponential decay. This additional source
has been called by us URCA-3. It is urgent to establish if this component is
related to the GRB or to the Supernova (SN). In this second case, there are
two possibilities: either the interaction of the SN ejecta with the interstellar
medium or, possibly, the cooling of a young neutron star formed in the SN
2003lw process. The analogies and the differences between this triptych GRB
031203 / SN 2003lw / URCA-3 and the corresponding ones GRB 980425 / SN
1998bw / URCA-1 and GRB 030329 / SN 2003dh / URCA-2, as well as GRB
060218 / SN 2006aj are discussed.

10. M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB970228 and the class of GRBs with an initial spikelike emission: do
they follow the Amati relation?”; in Relativistic Astrophysics Proceed-
ings of the 4th Italian-Sino Workshop, Pescara (Italy), July 2007, C.L.
Bianco, S.-S. Xue, Editors; AIP Conference Proceedings, 966, 7 (2008).

On the basis of the recent understanding of GRB050315 and GRB060218, we
return to GRB970228, the first Gamma-Ray Burst (GRB) with detected after-
glow. We proposed it as the prototype for a new class of GRBs with “an
occasional softer extended emission lasting tenths of seconds after an initial
spikelike emission”. Detailed theoretical computation of the GRB970228 light
curves in selected energy bands for the prompt emission are presented and
compared with observational BeppoSAX data. From our analysis we conclude
that GRB970228 and likely the ones of the above mentioned new class of GRBs
are “canonical GRBs” have only one peculiarity: they exploded in a galactic en-
vironment, possibly the halo, with a very low value of CBM density. Here we
investigate how GRB970228 unveils another peculiarity of this class of GRBs:
they do not fulfill the “Amati relation”. We provide a theoretical explanation
within the fireshell model for the apparent absence of such correlation for the
GRBs belonging to this new class.

11. C.L. Bianco, M.G. Bernardini, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
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“The “Fireshell” Model and the “Canonical” GRB Scenario; in Relativis-
tic Astrophysics Proceedings of the 4th Italian-Sino Workshop, Pescara
(Italy), July 2007, C.L. Bianco, S.-S. Xue, Editors; AIP Conference Pro-
ceedings, 966, 12 (2008).

In the “fireshell” model we define a “canonical GRB” light curve with two
sharply different components: the Proper-GRB (P-GRB), emitted when the op-
tically thick fireshell of electron-positron plasma originating the phenomenon
reaches transparency, and the afterglow, emitted due to the collision between
the remaining optically thin fireshell and the CircumBurst Medium (CBM). We
outline our “canonical GRB” scenario, originating from the gravitational col-
lapse to a black hole, with a special emphasis on the discrimination between
“genuine” and “fake” short GRBs.

12. L. Caito, M.G. Bernardini, C.L. Bianco, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB 060614: A Progress Report”; in Relativistic Astrophysics Pro-
ceedings of the 4th Italian-Sino Workshop, Pescara (Italy), July 2007, C.L.
Bianco, S.-S. Xue, Editors; AIP Conference Proceedings, 966, 16 (2008).

The explosion of GRB 060614, detected by the Swift satellite, produced a deep
break in the GRB scenario opening new horizons of investigation, because it
can’t be traced back to any traditional scheme of classification. In fact, it man-
ifests peculiarities both of long bursts and of short bursts. Above all, it is the
first case of long duration near GRB without any bright Ib/c associated Super-
nova. We will show that, in our canonical GRB scenario, this ”anomalous”
situation finds a natural interpretation and allows us to discuss a possible
variation to the traditional classification scheme, introducing the distinction
between “genuine” and “fake” short bursts.

13. M.G. Dainotti, M.G. Bernardini, C.L. Bianco, L. Caito, R. Guida, R. Ruffini;
“GRB 060218 and the Binaries as Progenitors of GRB-SN Systems”; in
Relativistic Astrophysics Proceedings of the 4th Italian-Sino Workshop,
Pescara (Italy), July 2007, C.L. Bianco, S.-S. Xue, Editors; AIP Confer-
ence Proceedings, 966, 25 (2008).

We study the Gamma-Ray Burst (GRB) 060218: a particularly close source at
z = 0.033 with an extremely long duration, namely T90 ∼ 2000 s, related to SN
2006aj. This source appears to be a very soft burst, with a peak in the spectrum
at 4.9 keV, therefore interpreted as an X-Ray Flash (XRF). It fullfills the Amati
relation. I present the fitting procedure, which is time consuming. In order
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to show its sensitivity I also present two examples of fits with the same value
of B and different value of Etot

e± . We fit the X- and γ-ray observations by Swift
of GRB 060218 in the 0.1–150 keV energy band during the entire time of ob-
servations from 0 all the way to 106 s within a unified theoretical model. The
free parameters of our theory are only three, namely the total energy Etot

e± of
the e± plasma, its baryon loading B ≡ MBc2/Etot

e±, as well as the CircumBurst
Medium (CBM) distribution. We justify the extremely long duration of this
GRB by a total energy Etot

e± = 2.32× 1050 erg, a very high value of the baryon
loading B = 1.0× 10−2 and the effective CircumBurst Medium (CBM) density
which shows a radial dependence ncbm ∝ r−α with 1.0 ≤ α ≤ 1.7 and mono-
tonically decreases from 1 to 10−6 particles/cm3. We recall that this value of
the B parameter is the highest among the sources we have analyzed and it is
very close to its absolute upper limit expected. By our fit we show that there is
no basic differences between XRFs and more general GRBs. They all originate
from the collapse process to a black hole and their difference is due to the vari-
ability of the three basic parameters within the range of full applicability of
the theory. We also think that the smallest possible black hole, formed by the
gravitational collapse of a neutron star in a binary system, is consistent with
the especially low energetics of the class of GRBs associated with SNe Ib/c.

14. R. Guida, M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Ruffini;
“The Amati Relation within the Fireshell Model”; in Relativistic Astro-
physics Proceedings of the 4th Italian-Sino Workshop, Pescara (Italy),
July 2007, C.L. Bianco, S.-S. Xue, Editors; AIP Conference Proceedings,
966, 46 (2008).

In this work we show the existence of a spectral-energy correlation within our
“fireshell” model for GRBs. The free parameters of the model are the total
energy Ee±

tot of the e± plasma and its baryon loading B ≡ MB c2/Ee±
tot , charac-

terizing the source, and the parameters describing the effective CircumBurst
medium (CBM) distribution, namely its particle number density ρ and its ef-
fective emitting area R. We build a sample of pseudo-GRBs, i.e. a set of theoret-
ically simulated light curves, varying the total energy of the electron-positron
plasma Ee±

tot and keeping the same baryon loading; the parametrization used
to describe the distribution of the CircumBurst medium is the same as well for
all the pseudo-GRBs. The values of these parameters (B, ρ and R) used in this
work are equal to the ones assumed to fit GRB050315, a Swift burst represent-
ing a good example of what in the literature has been addressed as “canoni-
cal light curve”. For each GRB of the sample we calculate the νFν spectrum
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integrating the theoretically computed light curve over the total time, namely
from our T0, the end of the Proper-GRB (P-GRB), up to the end of our afterglow
phase, when the fireshell Lorentz gamma factor is close to unity; we exclude
the P-GRB from this spectral computation because, following our “canonical”
GRB scenario, this component of the GRB emission is physically different from
the other component, that is our afterglow component, so one should take care
in no mixing them. We find that the maximum of this spectrum, that is the ob-
served peak energy Ep,tot, correlates with the initial electron-positron plasma
energy Ee±

tot in a way very similar to the Amati one: Ep,tot ∝ (Ee±
tot )

0.5.

15. R. Guida, M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Ruffini;
“Theoretical interpretation of the Amati relation within the fireshell model”;
in GAMMA-RAY BURSTS 2007: Proceedings of the Santa Fe Confer-
ence, Santa Fe (NM, USA), November 2007, M. Galassi, D. Palmer, E.
Fenimore, Editors; AIP Conference Proceedings, 1000, 60 (2008).

We discuss within our theoretical “fireshell” model for Gamma-Ray Bursts
(GRBs) the theoretical interpretation of the phenomenological correlation be-
tween the isotropic-equivalent radiated energy of the prompt emission Eiso and
the cosmological rest-frame νFν spectrum peak energy Ep observed by Amati
and collaborators. Possible reasons for some of the outliers of this relation are
given.

16. L. Caito, M.G. Bernardini, C.L. Bianco, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB 060614: a Fake Short Gamma-Ray Burst”; in GAMMA-RAY BURSTS
2007: Proceedings of the Santa Fe Conference, Santa Fe (NM, USA),
November 2007, M. Galassi, D. Palmer, E. Fenimore, Editors; AIP Con-
ference Proceedings, 1000, 301 (2008).

The explosion of GRB 060614 produced a deep break in the GRB scenario and
opened new horizons of investigation because it can’t be traced back to any tra-
ditional scheme of classification. In fact, it manifests peculiarities both of long
bursts and of short bursts and, above all, it is the first case of long duration
near GRB without any bright Ib/c associated Supernova. We will show that,
in our canonical GRB scenario, this ”anomalous” situation finds a natural in-
terpretation and allows us to discuss a possible variation to the traditional clas-
sification scheme, introducing the distinction between “genuine” and “fake”
short bursts.

17. C.L. Bianco, M.G. Bernardini, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
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“Short and canonical GRBs”; in GAMMA-RAY BURSTS 2007: Proceed-
ings of the Santa Fe Conference, Santa Fe (NM, USA), November 2007,
M. Galassi, D. Palmer, E. Fenimore, Editors; AIP Conference Proceed-
ings, 1000, 305 (2008).

Within the “fireshell” model for the Gamma-Ray Bursts (GRBs) we define
a “canonical GRB” light curve with two sharply different components: the
Proper-GRB (P-GRB), emitted when the optically thick fireshell of electron-
positron plasma originating the phenomenon reaches transparency, and the
afterglow, emitted due to the collision between the remaining optically thin
fireshell and the CircumBurst Medium (CBM). We outline our “canonical GRB”
scenario, with a special emphasis on the discrimination between “genuine”
and “fake” short GRBs.

18. C.L. Bianco, M.G. Bernardini, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini,
G. Vereshchagin, S.-S. Xue; “The Equations of motion of the “fireshell””;
in OBSERVATIONAL EVIDENCE FOR BLACK HOLES IN THE UNI-
VERSE: Proceedings of the 2nd Kolkata Conference, Kolkata (India),
February 2008, S.K. Chakrabarti, A.S. Majumdar, Editors; AIP Confer-
ence Proceedings, 1053, 259 (2008).

The Fireshell originating a Gamma-Ray Burst (GRB) encompasses an optically
thick regime followed by an optically thin one. In the first one the fireshell
self-accelerates from a Lorentz gamma factor equal to 1 all the way to 200-300.
The physics of this system is based on the continuous annihilation of electron-
positron pairs in an optically thick e+e− plasma with a small baryon loading.
In the following regime, the optically thin fireshell, composed by the baryons
left over after the transparency point, ballistically expands into the Circum-
Burst Medium (CBM). The dynamics of the fireshell during both regimes will
be analyzed. In particular we will re-examine the validity of the constant-
index power-law relation between the fireshell Lorentz gamma factor and its
radial coordinate, usually adopted in the current literature on the grounds of
an “ultrarelativistic” approximation. Such expressions are found to be math-
ematically correct but only approximately valid in a very limited range of the
physical and astrophysical parameters and in an asymptotic regime which is
reached only for a very short time, if any.

19. M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“The “Canonical” GRBs within the fireshell model”; in OBSERVATIONAL
EVIDENCE FOR BLACK HOLES IN THE UNIVERSE: Proceedings of
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the 2nd Kolkata Conference, Kolkata (India), February 2008, S.K. Chakrabarti,
A.S. Majumdar, Editors; AIP Conference Proceedings, 1053, 267 (2008).

Within the fireshell model we define a “canonical” GRB light curve with two
sharply different components: the Proper-GRB (P-GRB), emitted when the op-
tically thick fireshell of electron-positron plasma originating the phenomenon
reaches transparency, and the afterglow, emitted due to the collision between
the remaining optically thin fireshell and the CircumBurst Medium (CBM). On
the basis of the recent understanding of GRB970228 as the prototype for a new
class of GRBs with “an occasional softer extended emission lasting tenths of
seconds after an initial spikelike emission” we outline our “canonical” GRB
scenario, originating from the gravitational collapse to a black hole, with a
special emphasis on the discrimination between short GRBs and the ones ap-
pearing as such due to their peculiar astrophysical setting.

20. M.G. Dainotti, M.G. Bernardini, C.L. Bianco, L. Caito, R. Guida, R. Ruffini;
“GRB 060218: the density mask and its peculiarity compared to the
other sources”; in OBSERVATIONAL EVIDENCE FOR BLACK HOLES
IN THE UNIVERSE: Proceedings of the 2nd Kolkata Conference, Kolkata
(India), February 2008, S.K. Chakrabarti, A.S. Majumdar, Editors; AIP
Conference Proceedings, 1053, 283 (2008).

The Swift satellite has given continuous data in the range 0.3150 keV from 0 s
to 106 s for GRB060218 associated with SN2006aj. It has an unusually long du-
ration (T90 ∼ 2100 s). We plan to fit the complete γ- and X-ray light curves of
this long duration GRB, including the prompt emission and we give peculiar
attention to the afterglow lightcurve in order to better constrain the density
mask. We apply our “fireshell” model based on the formation of a black hole,
giving the relevant references. The initial total energy of the electron-positron
plasma Etot

e± == 2.32× 1050 erg has a particularly low value similarly to the
other GRBs associated with SNe. For the first time we observe a baryon load-
ing B = 10−2 which coincides with the upper limit for the dynamical stability
of the fireshell. The effective CircumBurst Medium (CBM) density shows a ra-
dial dependence ncbm ∝ r−a with 1.0 ≤ a ≤ 1.7 and monotonically decreases
from 1 to 10−6 particles/cm3. Such a behavior is interpreted as due to a frag-
mentation in the fireshell. Such a fragmentation is crucial in explaining both
the unusually large T90 and the consequently inferred abnormal low value of
the CBM effective density. We present the comparison between the density
mask of this source and the ones of a normal GRB 050315 and a fake short, GRB
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970228, making some assumptions on the CBM behaviour in the surrounding
of the Black hole.

21. L. Caito, M.G. Bernardini, C.L. Bianco, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB 060614 in the canonical fireshell model”; in OBSERVATIONAL
EVIDENCE FOR BLACK HOLES IN THE UNIVERSE: Proceedings of
the 2nd Kolkata Conference, Kolkata (India), February 2008, S.K. Chakrabarti,
A.S. Majumdar, Editors; AIP Conference Proceedings, 1053, 291 (2008).

Gamma-Ray Burst (GRB) 060614 is the first nearby long duration GRB clearly
not associated to any bright Ib/c Supernova. The explosion of this burst un-
dermines one of the fundamental assumptions of the standard scenario and
opens new horizons and hints of investigation. GRB 060614, hardly classifi-
able as a short GRB, is not either a “typical” long GRB since it occurs in a low
star forming region. Moreover, it presents deep similarities with GRB 970228,
which is the prototype of the “fake” short bursts, or better canonical GRBs dis-
guised as short ones. Within the “fireshell” model, we test if this “anomalous”
source can be a disguised short GRB.

22. L.J. Rangel Lemos, S. Casanova, R. Ruffini, S.S. Xue; “Fermis approach
to the study of pp interactions”; in OBSERVATIONAL EVIDENCE FOR
BLACK HOLES IN THE UNIVERSE: Proceedings of the 2nd Kolkata
Conference, Kolkata (India), February 2008, S.K. Chakrabarti, A.S. Ma-
jumdar, Editors; AIP Conference Proceedings, 1053, 275 (2008).

The physics of hadronic interactions found much difficulties for explain the
experimental data. In this work we study the approach of Fermi (1950) about
the multiplicity of pions emitted in pp interactions and in follow we compare
with the modern approach

23. R. Ruffini, A.G. Aksenov, M.G. Bernardini, C.L. Bianco, L. Caito, M.G.
Dainotti, G. De Barros, R. Guida, G.V. Vereshchagin, S.-S. Xue; “The
canonical Gamma-Ray Bursts and their ‘precursors”’; in 2008 NAN-
JING GAMMA-RAY BURST CONFERENCE, Proceedings of the 2008
Nanjing Gamma-Ray Burst Conference, Nanjing (China), June 2008, Y.-
F. Huang, Z.-G. Dai, B. Zhang, Editors; AIP Conference Proceedings,
1065, 219 (2008).

The fireshell model for Gamma-Ray Bursts (GRBs) naturally leads to a canoni-
cal GRB composed of a proper-GRB (P-GRB) and an afterglow. P-GRBs, intro-
duced by us in 2001, are sometimes considered “precursors” of the main GRB
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event in the current literature. We show in this paper how the fireshell model
leads to the understanding of the structure of GRBs, with precise estimates
of the time sequence and intensities of the P-GRB and the of the afterglow. It
leads as well to a natural classification of the canonical GRBs which overcomes
the traditional one in short and long GRBs.

24. M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“Preliminary analysis of GRB060607A within the fireshell model”; in
2008 NANJING GAMMA-RAY BURST CONFERENCE; Proceedings of
the 2008 Nanjing Gamma-Ray Burst Conference, Nanjing (China), June
2008, Y.-F. Huang, Z.-G. Dai, B. Zhang, Editors; AIP Conference Pro-
ceedings, 1065, 227 (2008).

GRB060607A is a very distant (z = 3.082) and energetic event (Eiso ∼ 1053

erg). Its main peculiarity is that the peak of the near-infrared afterglow has
been observed with the REM robotic telescope, allowing to infer the initial
Lorentz gamma factor of the emitting system. We present a preliminary anal-
ysis of the spectra and light curves of GRB060607A prompt emission within
the fireshell model. We show that the N(E) spectrum of the prompt emission,
whose behavior is usually described as “simple power-law”, can also be fit-
ted in a satisfactory way by a convolution of thermal spectra as predicted by
the model we applied. The theoretical time-integrated spectrum of the prompt
emission as well as the light curves in the BAT and XRT energy band are in
good agreement with the observations, enforcing the plausibility of our ap-
proach. Furthermore, the initial value of Lorentz gamma factor we predict is
compatible with the one deduced from the REM observations.

25. C.L. Bianco, M.G. Bernardini, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“The “fireshell” model and the “canonical GRB” scenario”; in 2008 NAN-
JING GAMMA-RAY BURST CONFERENCE; Proceedings of the 2008
Nanjing Gamma-Ray Burst Conference, Nanjing (China), June 2008, Y.-
F. Huang, Z.-G. Dai, B. Zhang, Editors; AIP Conference Proceedings,
1065, 223 (2008).

The Swift observation of GRB 060614, as well as the catalog analysis by Nor-
ris & Bonnell (2006), opened the door “on a new Gamma-Ray Bursts (GRBs)
classification scheme that straddles both long and short bursts” (Gehrels et al.
2006). Within the “fireshell” model for the Gamma-Ray Bursts (GRBs) we de-
fine a “canonical GRB” light curve with two sharply different components: the
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Proper-GRB (P-GRB), emitted when the optically thick fireshell of electron-
positron plasma originating the phenomenon reaches transparency, and the
afterglow, emitted due to the collision between the remaining optically thin
fireshell and the CircumBurst Medium (CBM). We here outline our “canonical
GRB” scenario, which implies three different GRB classes: the “genuine” short
GRBs, the “fake” or “disguised” short GRBs and the other (so-called “long”)
GRBs. We also outline some implications for the theoretical interpretation of
the Amati relation.

26. G. De Barros, M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R.
Guida, R. Ruffini; “Is GRB 050509b a genuine short GRB?”; in 2008
NANJING GAMMA-RAY BURST CONFERENCE; Proceedings of the
2008 Nanjing Gamma-Ray Burst Conference, Nanjing (China), June 2008,
Y.-F. Huang, Z.-G. Dai, B. Zhang, Editors; AIP Conference Proceedings,
1065, 231 (2008).

Within our “fireshell” model we introduced a “canonical” GRB scenario which
differentiates physically the “proper GRB” (P-GRB) emission when photons
decouple, and the afterglow emission due to interaction of the accelerated
baryons with the CircumBurst Medium (CBM). The ratio between energetics
of the two components is ruled by the baryon loading of the fireshell. We here
analyse the possibility that GRB050509b is the first case of a “genuine” short
GRB the ones with smaller baryon loading. In such a case, the GRB050509b
“prompt emission” would be dominated by the “proper GRB” and, moreover,
the P-GRB total energy would be greater than the afterglow one. Our fit of the
afterglow data and of the P-GRB energetics indicates that this source present
the smallest baryon loading we ever encountered so far, being on the order of
10−4.

27. G. De Barros, A.G. Aksenov, C.L. Bianco, R. Ruffini, G.V. Vereshchagin;
“Fireshell versus Fireball scenarios”; in 2008 NANJING GAMMA-RAY
BURST CONFERENCE; Proceedings of the 2008 Nanjing Gamma-Ray
Burst Conference, Nanjing (China), June 2008, Y.-F. Huang, Z.-G. Dai,
B. Zhang, Editors; AIP Conference Proceedings, 1065, 234 (2008).

We revisit Cavallo and Rees classification based on the analysis of initial con-
ditions in electron-positron-photon plasma which appears suddenly around
compact astrophysical objects and gives origin to GRBs. These initial con-
ditions were recently studied in [1,2] by numerical integration of relativistic
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Boltzmann equations with collision integrals, including binary and triple inter-
actions between particles. The main conclusion is that the pair plasma in GRB
sources quickly reaches thermal equilibrium well before its expansion starts.
In light of this work we comment on each of the four scenarios proposed by
Cavallo and Rees and discuss their applicability to describe evolution of GRB
sources.

28. M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB970228 as a prototype for the class of GRBs with an initial spike-
like emission”; in Proceedings of the Eleventh Marcel Grossmann Meet-
ing on General Relativity, Berlin, Germany, July 2006, H. Kleinert, R.T.
Jantzen, Editors; World Scientific, (Singapore, 2008).

We interpret GRB970228 prompt emission within our “canonical” GRB sce-
nario, identifying the initial spikelike emission with the Proper-GRB (P-GRB)
and the following bumps with the afterglow peak emission. Furthermore, we
emphasize the necessity to consider the “canonical” GRB as a whole due to the
highly non-linear nature of the model we applied.

29. M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB980425 and the puzzling URCA1 emission”; in Proceedings of the
Eleventh Marcel Grossmann Meeting on General Relativity, Berlin, Ger-
many, July 2006, H. Kleinert, R.T. Jantzen, Editors; World Scientific, (Sin-
gapore, 2008).

We applied our “fireshell” model to GRB980425 observational data, reproduc-
ing very satisfactory its prompt emission. We use the results of our analysis to
provide a possible interpretation for the X-ray emission of the source S1. The
effect on the GRB analysis of the lack of data in the pre-Swift observations is
also outlined.

30. C.L. Bianco, M.G. Bernardini, L. Caito, P. Chardonnet, M.G. Dainotti,
F. Fraschetti, R. Guida, R. Ruffini, S.-S. Xue; “Theoretical interpreta-
tion of ‘long’ and ‘short’ GRBs”; in Proceedings of the Eleventh Marcel
Grossmann Meeting on General Relativity, Berlin, Germany, July 2006,
H. Kleinert, R.T. Jantzen, Editors; World Scientific, (Singapore, 2008).

Within the “fireshell” model we define a “canonical GRB” light curve with two
sharply different components: the Proper-GRB (P-GRB), emitted when the op-
tically thick fireshell of electron-positron plasma originating the phenomenon
reaches transparency, and the afterglow, emitted due to the collision between
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the remaining optically thin fireshell and the CircumBurst Medium (CBM). We
here present the consequences of such a scenario on the theoretical interpreta-
tion of the nature of “long” and “short” GRBs.

31. C.L. Bianco, M.G. Bernardini, P. Chardonnet, F. Fraschetti, R. Ruffini,
S.-S. Xue; “Theoretical interpretation of luminosity and spectral proper-
ties of GRB 031203”; in Proceedings of the Eleventh Marcel Grossmann
Meeting on General Relativity, Berlin, Germany, July 2006, H. Kleinert,
R.T. Jantzen, Editors; World Scientific, (Singapore, 2008).

We show how an emission endowed with an instantaneous thermal spectrum
in the co-moving frame of the expanding fireshell can reproduce the time-
integrated GRB observed non-thermal spectrum. An explicit example in the
case of GRB 031203 is presented.

32. C.L. Bianco, R. Ruffini; “The ‘Fireshell’ model in the Swift era”; in Pro-
ceedings of the Eleventh Marcel Grossmann Meeting on General Rel-
ativity, Berlin, Germany, July 2006, H. Kleinert, R.T. Jantzen, Editors;
World Scientific, (Singapore, 2008).

We here re-examine the validity of the constant-index power-law relation be-
tween the fireshell Lorentz gamma factor and its radial coordinate, usually
adopted in the current Gamma-Ray Burst (GRB) literature on the grounds of
an “ultrarelativistic” approximation. Such expressions are found to be math-
ematically correct but only approximately valid in a very limited range of the
physical and astrophysical parameters and in an asymptotic regime which is
reached only for a very short time, if any.

33. L. Caito, M.G. Bernardini, C.L. Bianco, M.G. Dainotti, R. Guida, R. Ruffini;
“Theoretical interpretation of GRB011121”; in Proceedings of the Eleventh
Marcel Grossmann Meeting on General Relativity, Berlin, Germany, July
2006, H. Kleinert, R.T. Jantzen, Editors; World Scientific, (Singapore,
2008).

GRB 011121, detected by the BeppoSAX satellite, is studied as a prototype to
understand the presence of flares observed by Swift in the afterglow of many
GRB sources. Detailed theoretical analysis of the GRB 011121 light curves in
selected energy bands are presented and compared with observational data.
An interpretation of the flare of this source is provided by the introduction of
the three-dimensional structure of the CircumBurst Medium(CBM).
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34. M.G. Dainotti, M.G. Bernardini, C.L. Bianco, L. Caito, R. Guida, R. Ruffini;
“On GRB 060218 and the GRBs related to Supernovae Ib/c”; in Proceed-
ings of the Eleventh Marcel Grossmann Meeting on General Relativity,
Berlin, Germany, July 2006, H. Kleinert, R.T. Jantzen, Editors; World
Scientific, (Singapore, 2008).

We study the Gamma-Ray Burst (GRB) 060218: a particularly close source at
z = 0.033 with an extremely long duration, namely T90 ∼ 2000 s, related to SN
2006aj. This source appears to be a very soft burst, with a peak in the spectrum
at 4.9 keV, therefore interpreted as an X-Ray Flash (XRF) and it obeys to the
Amati relation. We fit the X- and γ-ray observations by Swift of GRB 060218 in
the 0.1150 keV energy band during the entire time of observations from 0 all
the way to 106 s within a unified theoretical model. The details of our theoreti-
cal analysis have been recently published in a series of articles. The free param-
eters of the theory are only three, namely the total energy Etot

e± of the e± plasma,
its baryon loading B = MBc2/Etot

e±, as well as the CircumBurst Medium (CBM)
distribution. We fit the entire light curve, including the prompt emission as an
essential part of the afterglow. We recall that this value of the B parameter is
the highest among the sources we have analyzed and it is very close to its abso-
lute upper limit expected. We successfully make definite predictions about the
spectral distribution in the early part of the light curve, exactly we derive the
instantaneous photon number spectrum N(E) and we show that although the
spectrum in the co-moving frame of the expanding pulse is thermal, the shape
of the final spectrum in the laboratory frame is clearly non thermal. In fact
each single instantaneous spectrum is the result of an integration of thousands
of thermal spectra over the corresponding EQuiTemporal Surfaces (EQTS). By
our fit we show that there is no basic differences between XRFs and more gen-
eral GRBs. They all originate from the collapse process to a black hole and
their difference is due to the variability of the three basic parameters within
the range of full applicability of the theory.

35. R. Guida, M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Ruffini;
“Theoretical interpretation of GRB060124”; in Proceedings of the Eleventh
Marcel Grossmann Meeting on General Relativity, Berlin, Germany, July
2006, H. Kleinert, R.T. Jantzen, Editors; World Scientific, (Singapore,
2008).

We show the preliminary results of the application of our “fireshell” model to
GRB060124. This source is very peculiar because it is the first event for which
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both the prompt and the afterglow emission were observed simultaneously by
the three Swift instruments: BAT (15 - 350 keV), XRT (0,2 - 10 keV) and UVOT
(170 - 650 nm), due to the presence of a precursor∼ 570 s before the main burst.
We analyze GRB060124 within our “canonical” GRB scenario, identifying the
precursor with the P-GRB and the prompt emission with the afterglow peak
emission. In this way we reproduce correctly the energetics of both these two
components. We reproduce also the observed time delay between the precur-
sor (P-GRB) and the main burst. The effect of such a time delay in our model
will be discussed.

36. R. Ruffini, M.G. Bernardini, C.L. Bianco, L. Caito, P. Chardonnet, C.
Cherubini, M.G. Dainotti, F. fraschetti, A. Geralico, R. Guida, B. Patri-
celli, M. Rotondo, J. Rueda Hernandez, G. Vereshchagin, S.-S. Xue; “Gamma-
Ray Bursts”; in Proceedings of the Eleventh Marcel Grossmann Meet-
ing on General Relativity, Berlin, Germany, July 2006, H. Kleinert, R.T.
Jantzen, Editors; World Scientific, (Singapore, 2008).

We show by example how the uncoding of Gamma-Ray Bursts (GRBs) offers
unprecedented possibilities to foster new knowledge in fundamental physics
and in astrophysics. After recalling some of the classic work on vacuum po-
larization in uniform electric fields by Klein, Sauter, Heisenberg, Euler and
Schwinger, we summarize some of the efforts to observe these effects in heavy
ions and high energy ion collisions. We then turn to the theory of vacuum po-
larization around a Kerr-Newman black hole, leading to the extraction of the
blackholic energy, to the concept of dyadosphere and dyadotorus, and to the
creation of an electron-positron-photon plasma. We then present a new theo-
retical approach encompassing the physics of neutron stars and heavy nuclei.
It is shown that configurations of nuclear matter in bulk with global charge
neutrality can exist on macroscopic scales and with electric fields close to the
critical value near their surfaces. These configurations may represent an ini-
tial condition for the process of gravitational collapse, leading to the creation
of an electron-positron-photon plasma: the basic self-accelerating system ex-
plaining both the energetics and the high energy Lorentz factor observed in
GRBs. We then turn to recall the two basic interpretational paradigms of our
GRB model: 1) the Relative Space-Time Transformation (RSTT) paradigm and
2) the Interpretation of the Burst Structure (IBS) paradigm. These paradigms
lead to a “canonical” GRB light curve formed from two different components:
a Proper-GRB (P-GRB) and an extended afterglow comprising a raising part,
a peak, and a decaying tail. When the P-GRB is energetically predominant
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we have a “genuine” short GRB, while when the afterglow is energetically
predominant we have a so-called long GRB or a “fake” short GRB. We com-
pare and contrast the description of the relativistic expansion of the electron-
positron plasma within our approach and within the other ones in the current
literature. We then turn to the special role of the baryon loading in discrim-
inating between “genuine” short and long or “fake” short GRBs and to the
special role of GRB 991216 to illustrate for the first time the “canonical” GRB
bolometric light curve. We then propose a spectral analysis of GRBs, and pro-
ceed to some applications: GRB 031203, the first spectral analysis, GRB 050315,
the first complete light curve fitting, GRB 060218, the first evidence for a critical
value of the baryon loading, GRB 970228, the appearance of “fake” short GRBs.
We finally turn to the GRB-Supernova Time Sequence (GSTS) paradigm: the
concept of induced gravitational collapse. We illustrate this paradigm by the
systems GRB 980425 / SN 1998bw, GRB 030329 / SN 2003dh, GRB 031203 /
SN 2003lw, GRB 060218 / SN 2006aj, and we present the enigma of the URCA
sources. We then present some general conclusions.

37. R. Ruffini, A.G. Aksenov, M.G. Bernardini, C.L. Bianco, L. Caito, M.G.
Dainotti, G. De Barros, R. Guida, G. Vereshchagin, S.-S. Xue; “The canon-
ical Gamma-Ray Bursts: long, ‘fake’-‘disguised’ and ‘genuine’ short
bursts; in PROBING STELLAR POPULATIONS OUT TO THE DISTANT
UNIVERSE: CEFALU 2008, Proceedings of the International Confer-
ence; Cefal (Italy), September 2008, G. Giobbi, A. Tornambe, G. Rai-
mondo, M. Limongi, L. A. Antonelli, N. Menci, E. Brocato, Editors; AIP
Conference Proceedings, 1111, 325 (2009).

The Gamma-Ray Bursts (GRBs) offer the unprecedented opportunity to ob-
serve for the first time the blackholic energy extracted by the vacuum polar-
ization during the process of gravitational collapse to a black hole leading to
the formation of an electron-positron plasma. The uniqueness of the Kerr-
Newman black hole implies that very different processes originating from the
gravitational collapse a) of a single star in a binary system induced by the com-
panion, or b) of two neutron stars, or c) of a neutron star and a white dwarf,
do lead to the same structure for the observed GRB. The recent progress of the
numerical integration of the relativistic Boltzmann equations with collision in-
tegrals including 2-body and 3-body interactions between the particles offer
a powerful conceptual tool in order to differentiate the traditional “fireball”
picture, an expanding hot cavity considered by Cavallo and Rees, as opposed
to the “fireshell” model, composed of an internally cold shell of relativistically
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expanding electron-positron-baryon plasma. The analysis of the fireshell nat-
urally leads to a canonical GRB composed of a proper-GRB and an extended
afterglow. By recalling the three interpretational paradigms for GRBs we show
how the fireshell model leads to an understanding of the GRB structure and to
an alternative classification of short and long GRBs.

38. M.G. Bernardini, M.G. Dainotti, C.L. Bianco, L. Caito, R. Guida, R. Ruffini;
“Prompt emission and X-ray flares: the case of GRB 060607 A”; in PROB-
ING STELLAR POPULATIONS OUT TO THE DISTANT UNIVERSE:
CEFALU 2008, Proceedings of the International Conference; Cefal (Italy),
September 2008, G. Giobbi, A. Tornambe, G. Raimondo, M. Limongi, L.
A. Antonelli, N. Menci, E. Brocato, Editors; AIP Conference Proceed-
ings, 1111, 383 (2009).

GRB 060607A is a very distant and energetic event. Its main peculiarity is
that the peak of the near-infrared (NIR) afterglow has been observed with the
REM robotic telescope, allowing to estimate the initial Lorentz gamma factor
within the fireball forward shock model. We analyze GRB 060607A within the
fireshell model. The initial Lorentz gamma factor of the fireshell can be ob-
tained adopting the exact solutions of its equations of motion, dealing only
with the BAT and XRT observations, that are the basic contribution to the af-
terglow emission, up to a distance from the progenitor r ∼ 1018 cm. According
to the “canonical GRB” scenario we interpret the whole prompt emission as
the peak of the afterglow emission, and we show that the observed temporal
variability of the prompt emission can be produced by the interaction of the
fireshell with overdense CircumBurst Medium (CBM) clumps. This is indeed
the case also of the X-ray flares which are present in the early phases of the
afterglow light curve.

39. C.L. Bianco, M.G. Bernardini, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“The ‘fireshell’ model and the ‘canonical GRB’ scenario. Implications
for the Amati relation”; in PROBING STELLAR POPULATIONS OUT
TO THE DISTANT UNIVERSE: CEFALU 2008, Proceedings of the In-
ternational Conference; Cefal (Italy), September 2008, G. Giobbi, A. Tor-
nambe, G. Raimondo, M. Limongi, L. A. Antonelli, N. Menci, E. Brocato,
Editors; AIP Conference Proceedings, 1111, 587 (2009).

Within the “fireshell” model for GRBs we define a “canonical GRB” light curve
with two sharply different components: the Proper-GRB (P-GRB), emitted when
the optically thick fireshell reaches transparency, and the extended afterglow,
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emitted due to the collision between the remaining optically thin fireshell and
the CircumBurst Medium (CBM). We here outline our “canonical GRB” sce-
nario, which implies three different GRB classes: the “genuine” short GRBs,
the “fake” or “disguised” short GRBs and the other (so-called “long”) GRBs.
We will also outline the corresponding implications for the Amati relation,
which are opening its use for cosmology.

40. R. Ruffini, A.G. Aksenov, M.G. Bernardini, C.L. Bianco, L. Caito, P.
Chardonnet, M.G. Dainotti, G. De Barros, R. Guida, L. Izzo, B. Patricelli,
L.J. Rangel Lemos, M. Rotondo, J.A. Rueda Hernandez, G. Vereshcha-
gin, S.-S. Xue; “The Blackholic energy and the canonical Gamma-Ray
Burst IV: the ‘long’, ‘genuine short’ and ‘fake disguised short’ GRBs”;
in Proceedings of the XIIIth Brazilian School on Cosmology and Gravi-
tation, Mangaratiba, Rio de Janeiro (Brazil), July-August 2008, M. Nov-
ello, S.E. Perez Bergliaffa, Editors; AIP Conference Proceedings, 1132,
199 (2009).

We report some recent developments in the understanding of GRBs based on
the theoretical framework of the “fireshell” model, already presented in the
last three editions of the “Brazilian School of Cosmology and Gravitation”. Af-
ter recalling the basic features of the “fireshell model”, we emphasize the fol-
lowing novel results: 1) the interpretation of the X-ray flares in GRB afterglows
as due to the interaction of the optically thin fireshell with isolated clouds in
the CircumBurst Medium (CBM); 2) an interpretation as “fake - disguised”
short GRBs of the GRBs belonging to the class identified by Norris & Bonnell;
we present two prototypes, GRB 970228 and GRB 060614; both these cases are
consistent with an origin from the final coalescence of a binary system in the
halo of their host galaxies with particularly low CBM density ncbm ∼ 10−3

particles/cm3; 3) the first attempt to study a genuine short GRB with the anal-
ysis of GRB 050509B, that reveals indeed still an open question; 4) the interpre-
tation of the GRB-SN association in the case of GRB 060218 via the “induced
gravitational collapse” process; 5) a first attempt to understand the nature of
the “Amati relation”, a phenomenological correlation between the isotropic-
equivalent radiated energy of the prompt emission Eiso with the cosmolog-
ical rest-frame νFν spectrum peak energy Ep,i. In addition, recent progress
on the thermalization of the electron-positron plasma close to their formation
phase, as well as the structure of the electrodynamics of Kerr-Newman Black
Holes are presented. An outlook for possible explanation of high-energy phe-
nomena in GRBs to be expected from the AGILE and the Fermi satellites are
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discussed. As an example of high energy process, the work by Enrico Fermi
dealing with ultrarelativistic collisions is examined. It is clear that all the GRB
physics points to the existence of overcritical electrodynamical fields. In this
sense we present some progresses on a unified approach to heavy nuclei and
neutron stars cores, which leads to the existence of overcritical fields under the
neutron star crust.

41. A.G. Aksenov, M.G. Bernardini, C.L. Bianco, L. Caito, C. Cherubini,
G. De Barros, A. Geralico, L. Izzo, F.A. Massucci, B. Patricelli, M. Ro-
tondo, J.A. Rueda Hernandez, R. Ruffini, G. Vereshchagin, S.-S. Xue;
“The fireshell model for Gamma-Ray Bursts”; in The Shocking Uni-
verse, Proceedings of the conference held in Venice (Italy), September
2009, G. Chincarini, P. DAvanzo, R. Margutti, R. Salvaterra, Editors; SIF
Conference Proceedings, 102, 451 (2010).

The fireshell model for GRBs is briefly outlined, and the currently ongoing
developments are summarized.

42. M.G. Bernardini, C.L. Bianco, L. Caito, L. Izzo, B. Patricelli, R. Ruffini;
“The end of the prompt emission within the fireshell model”; in The
Shocking Universe, Proceedings of the conference held in Venice (Italy),
September 2009, G. Chincarini, P. DAvanzo, R. Margutti, R. Salvaterra,
Editors; SIF Conference Proceedings, 102, 489 (2010)

The shallow decay emission, revealed by the Swift satellite in the X-ray after-
glow of a good sample of bursts, is a puzzle. Within the fireshell model it has
been recently proposed an alternative explanation: if we assume that after the
prompt phase the system has a range of Lorentz factors, the plateau phase is
simply the product of the injection of slower material into the fireshell. This
injection produces a modification both in the dynamics of the fireshell and in
the spectrum of the emitted radiation. We postulate that this spread in the
fireshell Lorentz factor occurs when the fireshell becomes transparent and do
not depend on a prolonged activity of the central engine. The aim of this paper
is to characterize dynamically the system in order to understand the nature of
that material.

43. L. Izzo, M.G. Bernardini, C.L. Bianco, L. Caito, B. Patricelli, R. Ruffini;
“GRB 090423 in the fireshell scenario”; in The Shocking Universe, Pro-
ceedings of the conference held in Venice (Italy), September 2009, G.
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Chincarini, P. DAvanzo, R. Margutti, R. Salvaterra, Editors; SIF Confer-
ence Proceedings, 102, 537 (2010).

44. B. Patricelli, M.G. Bernardini, C.L. Bianco, L. Caito, L. Izzo, R. Ruffini,
G. Vereshchagin; “A new spectral energy distribution of photons in the
fireshell model of GRBs”; in The Shocking Universe, Proceedings of the
conference held in Venice (Italy), September 2009, G. Chincarini, P. DA-
vanzo, R. Margutti, R. Salvaterra, Editors; SIF Conference Proceedings,
102, 559 (2010).

The fireshell model of Gamma Ray Bursts (GRBs) postulates that the emis-
sion process is thermal in the comoving frame of the fireshell, but this is just a
first approximation. We investigate a different spectrum of photons in the co-
moving frame in order to better reproduce the observed spectral properties of
GRB prompt emission. We introduce a modified thermal spectrum whose low
energy slope depends on an index α, left as a free parameter. We test it by com-
paring the numerical simulations with observed BAT spectra integrated over
different intervals of time. We find that the observational data can be correctly
reproduced by assuming α = −1.8.

45. C.L. Bianco, M.G. Bernardini, L. Caito, G. De Barros, L. Izzo, B. Patri-
celli, R. Ruffini; “Disguised Short Bursts and the Amati Relation”; in De-
ciphering the ancient universe with Gamma-Ray Bursts, Proceedings of
the conference held in Kyoto (Japan), April 2010, N. Kawai, S. Nagataki,
Editors; AIP Conference Proceedings, 1279, 299 (2010).

The class of “Disguised short” GRBs implied by the fireshell scenario is pre-
sented, with special emphasis on the implications for the Amati relation.

46. L. Izzo, M.G. Bernardini, C.L. Bianco, L. Caito, B. Patricelli, L.J. Rangel
Lemos, R. Ruffini; “On GRB 080916C and GRB 090902B observed by the
Fermi satellite”; in Deciphering the ancient universe with Gamma-Ray
Bursts, Proceedings of the conference held in Kyoto (Japan), April 2010,
N. Kawai, S. Nagataki, Editors; AIP Conference Proceedings, 1279, 343
(2010).

We propose a possible explanation, in the context of the Fireshell scenario, for
the high-energy emission observed in GRB 080916C and GRB 090902B. The
physical process underlying this emission consists mainly in the interaction
of the baryon in the Fireshell with some high-density region around the burst
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site. Moreover we associate the observed delay of the onset of the high-energy
emission as due to the P-GRB emission.

47. B. Patricelli, M.G. Bernardini, C.L. Bianco, L. Caito, G. De Barros, L.
Izzo, R. Ruffini; “Black Holes in Gamma Ray Bursts”; in Deciphering
the ancient universe with Gamma-Ray Bursts, Proceedings of the con-
ference held in Kyoto (Japan), April 2010, N. Kawai, S. Nagataki, Edi-
tors; AIP Conference Proceedings, 1279, 406 (2010).

Within the fireshell model, Gamma Ray Bursts (GRBs) originate from an opti-
cally thick e± plasma created by vacuum polarization process during the for-
mation of a Black Hole (BH). Here we briefly recall the basic features of this
model, then we show how it is possible to interpret GRB observational prop-
erties within it. In particular we present, as a specific example, the analysis of
GRB 050904 observations of the prompt emission light curve and spectrum in
the Swift BAT energy band (15-150 keV).

48. M.G. Bernardini, C.L. Bianco, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini;
“The GRB classification within the “fireshell” model: short, long and
“fake” short GRBs”; in Proceedings of the 3rd Stueckelberg Workshop
on Relativistic Field Theories, Pescara, Italy, July 2008, N. Carlevaro,
R. Ruffini, G.V. Vereshchagin, Editors; Cambridge Scientific Publishers,
(UK, 2011).

49. C.L. Bianco, M.G. Bernardini, L. Caito, M.G. Dainotti, R. Guida, R. Ruffini,
G.V. Vereshchagin, S.-S. Xue; “Equations of motion of the “fireshell””;
in Proceedings of the 3rd Stueckelberg Workshop on Relativistic Field
Theories, Pescara, Italy, July 2008, N. Carlevaro, R. Ruffini, G.V. Vereshcha-
gin, Editors; Cambridge Scientific Publishers, (UK, 2011).

50. L. Caito, M.G. Bernardini, C.L. Bianco, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB 060614: another example of “fake” short burst from a merging
binary system”; in Proceedings of the 3rd Stueckelberg Workshop on
Relativistic Field Theories, Pescara, Italy, July 2008, N. Carlevaro, R.
Ruffini, G.V. Vereshchagin, Editors; Cambridge Scientific Publishers,
(UK, 2011).

51. G. De Barros, M.G. Bernardini, C.L. Bianco, L. Caito, R. Guida, R. Ruffini;
“Analysis of GRB 050509b”; in Proceedings of the 3rd Stueckelberg Work-
shop on Relativistic Field Theories, Pescara, Italy, July 2008, N. Carl-
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evaro, R. Ruffini, G.V. Vereshchagin, Editors; Cambridge Scientific Pub-
lishers, (UK, 2011).

52. R. Ruffini, L. Izzo, A.V. Penacchioni, C.L. Bianco, L. Caito, S.K. Chakrabarti,
A. Nandi; “GRB 090618: a possible case of multiple GRB?”; in Proceed-
ings of the 25th Texas Symposium on Relativistic Astrophysics, held in
Heidelberg (Germany), December 2010, F.M. Rieger, C. van Eldik, W.
Hofmann, Editors; PoS(Texas2010), 101.

53. L.J. Rangel Lemos, C.L. Bianco, H.J. Mosquera Cuesta, J.A. Rueda, R.
Ruffini; “Luminosity function of BATSE GRBs dominated by extended
afterglow”; in Proceedings of the 25th Texas Symposium on Relativis-
tic Astrophysics, held in Heidelberg (Germany), December 2010, F.M.
Rieger, C. van Eldik, W. Hofmann, Editors; PoS(Texas2010), 204.

54. R. Ruffini, A.G. Aksenov, M.G. Bernardini, C.L. Bianco, L. Caito, P.
Chardonnet, M.G. Dainotti, G. De Barros, R. Guida, L. Izzo, B. Patricelli,
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1 Dip. di Fisica and ICRA, Sapienza Università di Roma, Piazzale Aldo Moro 5, I-00185 Rome, Italy
2 ICRANet, Piazza della Repubblica 10, I-65122 Pescara, Italy; yu.wang@icranet.org
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ABSTRACT

We performed a data analysis of the observations by the Swift, NuStar, and Fermi satellites in order to probe the
induced gravitational collapse (IGC) paradigm for gamma-ray bursts (GRBs) associated with supernovae (SNe) in
the terra incognita of GRB 130427A. We compare our data analysis with those in the literature. We have verified
that GRB 130427A conforms to the IGC paradigm by examining the power law behavior of the luminosity in the
early 104 s of the XRT observations. This has led to the identification of the four different episodes of the binary
driven hypernovae (BdHNe) and to the prediction, on 2013 May 2, of the occurrence of SN 2013cq, which was also
observed in the optical band on 2013 May 13. The exceptional quality of the data has allowed the identification
of novel features in Episode 3 including: (1) the confirmation and the extension of the existence of the recently
discovered nested structure in the late X-ray luminosity in GRB 130427A, as well as the identification of a spiky
structure at 102 s in the cosmological rest-frame of the source; (2) a power law emission of the GeV luminosity
light curve and its onset at the end of Episode 2; and (3) different Lorentz Γ factors for the emitting regions of the
X-ray and GeV emissions in this Episode 3. These results make it possible to test the details of the physical and
astrophysical regimes at work in the BdHNe: (1) a newly born neutron star and the supernova ejecta, originating
in Episode 1; (2) a newly formed black hole originating in Episode 2; and (3) the possible interaction among these
components, observable in the standard features of Episode 3.

Key words: black hole physics – gamma-ray burst: general – nuclear reactions, nucleosynthesis, abundances –
stars: neutron – supernovae: general

1. INTRODUCTION AND SUMMARY
OF PREVIOUS RESULTS

That some long gamma-ray bursts (GRBs) and supernovae
(SNe) can occur almost simultaneously has been known since
the early observations of GRB 980425/SN 1998bw (Galama
et al. 1998; Pian et al. 2000). This association of a GRB and
an SN occurs most commonly in a family of less energetic long
GRBs with the following characteristics: (1) isotropic energies
Eiso in the range of 1049–1052 erg (Guetta & Della Valle 2007);
(2) a soft spectrum with rest-frame peak energy Ep,i < 100 keV,
although the instruments are sensitive up to GeV; and (3)
supernova emissions observable up to a cosmological distance
z < 1. Hereafter we will refer to this family as family 1.
This is well recognized in the literature; see, e.g., (Maselli
et al. 2014).

An alternative family of highly energetic long GRBs that
are associated with SNe and that has a much more complex
structure exists. Their characteristics are: (1) Eiso is in the range
1052–1054 erg; (2) they present multiple components in their
spectra and in their overall luminosity distribution, ranging from
X-ray to γ -ray all the way to GeV emission. They have peak
energies from 100 keV to some MeV; (3) in view of their large
energetics, their observation extends to the entire universe all
the way up to z = 8.2 (Ruffini et al. 2014b). Hereafter we will
refer to this family as family 2.

There was some doubt that SNe may be associated with
very bright long GRBs. Naive energetic arguments said it was
unlikely for an SN to be in a powerful GRB within the single
star collapse model (see e.g., Maselli et al. 2014).

For some years the issue of the coincidence of very energetic
GRBs with SN has represented an authentic terra incognita.
It is critical to clarify whether this association of GRBs and
SNe is only accidental or if it is necessary, independent of their
energetics. Of the 104 long GRBs with known redshift z < 1,
19 GRBs associated with SNe belonging to the family 2 were
observed (Kovacevic et al. 2014) before 2014 June, and GRB
130427A, with isotropic energy Eiso � 1054 erg, is the most
energetic one so far.

In Ruffini et al. (2001, 2008) we introduced the paradigm of
induced gravitational collapse (IGC) to explain the astrophysical
reasons for the association of GRBs with supernovae. This
paradigm indicates that all long GRBs, by norm, must be
associated with SNe. The IGC paradigm differs from the
traditional collapsar–fireball paradigm (see, e.g., Piran 2005 and
references therein). In the collapsar–fireball model, the GRB
process is described by a single episode: (1) it is assumed
to originate in a “collapsar” (Woosley 1993), (2) the spectral
and luminosity analysis is typically time integrated over the
entire T90 (see e.g., Tavani 1998), and (3) the description of
the afterglow is dominated by a single ultra-relativistic jetted
emission (see, e.g., in Rhoads 1999; van Eerten et al. 2010; van
Eerten & MacFadyen 2012; Nava et al. 2013). In contrast, the
IGC paradigm considers a multi-component system, similar to
those described by S-matrix in particle physics, as shown in
Figure 1: (1) the in-states are represented by a binary system
formed by an FeCO core, which is very close to the onset of
an SN event and a tightly bound companion neutron star (NS;
Ruffini et al. 2008; Rueda & Ruffini 2012; Izzo et al. 2012). The
out-states are the creation of a new NS (ν-NS) and black hole
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Figure 1. Three different matrices in fundamental physics. The first is the quark matrix leading to a Higgs boson. The middle is the classical electron–positron pair
matrix, generating a muon and anti-muon pair. The third matrix is the most recent and it is considered in the present work. Δt is the duration of the intermediate state.

(BH). In the case of particle physics, the S-matrix describes a
virtual phenomenon occurring on timescales of 10−26 s (Aad
et al. 2012, qq̄ → WZH 0) and 10−23 s (Bernardini 2004,
e+e− → μ+μ−). In the astrophysical case considered here,
the cosmic matrix (C-matrix) describes a real event occurring
on timescale ∼200 s, which is still a very short time when
compared to traditional astrophysical timescales. Following the
accretion of the SN ejecta onto the companion NS binary, a BH
is expected to be created, giving rise to the GRB. (2) Special
attention is given to the analysis of the instantaneous spectra in
the optical, X-ray, γ -ray, and GeV energy range (as exemplified
in this article). (3) Four different episodes are identifiable in the
overall emission, each with marked differences in the values
of their Lorentz Γ factors (Ruffini et al. 2014c). The possible
relevance of a binary system in the explanation of GRBs was
already mentioned by Fryer et al. (1999) and Broderick (2005),
but the binaries were a trigger to the traditional collapsar model.

The opportunity to probe the IGC paradigm (Izzo et al. 2012)
comes from the prototypical source GRB 090618, which is a
member of family 2. This source has extremely high energetics
(i.e., Eiso = 2.7×1053 erg), is at a relatively close distance (i.e.,
z = 0.54), and has coverage in all existing γ , X-ray, and optical
observatories.

The following results have been obtained (see visualized
spacetime diagram in Figure 2):

1. Episode 1, which corresponds to the onset of the SN and the
accretion process onto the companion NS, was identified in
the early 1950 s, with a thermal plus power law component
in the spectra (see Izzo et al. 2012, Figure 16), as well as
a temporal evolution of the radius of the emitting region
expanding from 109 cm to 7 × 109 cm (see Izzo et al. 2012,
Figure 18). This leads to a precise determination of its
overall energetics of 4 × 1052 erg.

2. Episode 2, with the GRB emission, follows the onset
of gravitational collapse and the BH formation. It was
also clearly identified with the following characteristic
parameters: an isotropic energy Eiso = 2.49×1053, baryon
loading B = 1.98×10−3, Lorentz factor Γ = 495 (see Izzo
et al. 2012, Figure 4), and peak energy Ep,i = 193 keV. The
average number density of the circumburst medium (CBM)
is 〈nCBM〉 = 0.6 cm−3. The characteristic masses of each
CBM cloud are of the order ∼1022–1024 g, at 1016 cm in
radii (see Izzo et al. 2012, Figure 10).

3. Episode 3 of GRB 090618, detected by Swift-XRT, starts
at 150 s after the burst trigger and continues all the way

Figure 2. IGC spacetime diagram (not in scale) illustrates four episodes of the
IGC paradigm: the nonrelativistic Episode 1 (Γ � 1), the relativistic motion
of Episode 2 (Γ � 102 ∼ 103), the mildly relativistic Episode 3 (Γ � 2), and
nonrelativistic Episode 4 (Γ � 1). There is initially a binary system composed
of a massive star (yellow thick line) and a neutron star (blue line). The massive
star evolves and explodes as an SN at point A, forming a νNS (red line). The
companion NS accretes the supernova ejecta starting from point B, interacts
with the νNS starting from point C, and collapses into a black hole (black line)
at point D; this period from point B to point D is defined as Episode 1. Point D is
the beginning of Episode 2, which is caused by the collision of GRB outflow and
interstellar filaments. At point E, Episode 2 ends and Episode 3 starts, lasting
until the optical signal of the supernova emerges at point F, where Episode 4
starts. (Credit to M. Enderli for drawing this visualized spacetime diagram.)

up to 106 s. It consists of three different parts (Nousek
et al. 2006): a first very steep decay; a shallower decay,
the plateau; and a final steeper decay with a fixed power
law index. It soon became clear that Episode 3, which was
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previously interpreted in the traditional approach as part of
the GRB afterglow (Piran 2005; Rhoads 1999; van Eerten
et al. 2010; van Eerten & MacFadyen 2012; Nava et al.
2013), appeared to be the seat of a set of novel independent
processes occurring after the end of the GRB emission
and preceding the optical observation of the SN, which we
indicated as Episode 4.

Progress has recently been made in the analysis of Episode 1.
It is characterized by the explosion of the FeCO core, followed
by the hypercritical accretion onto the NS, which leads to
the NS reaching critical mass and consequently its induced
gravitational collapse to a BH. The hypercritical accretion
of the SN ejecta onto the NS has been estimated using the
Bondi–Hoyle–Lyttleton formalism to be 10−2 M� s−1; here
M� is the solar mass (Bondi & Hoyle 1944; Bondi 1952)
(see, e.g., in Rueda & Ruffini 2012). The inflowing material
shocks as it piles up onto the NS, producing a compressed
layer on top of the NS (see, e.g., Fryer et al. 1996). As
this compressed layer becomes sufficiently hot, it triggers
the emission of neutrinos that cool the infalling material,
allowing it to be accreted into the NS (Zel’dovich et al. 1972;
Ruffini & Wilson 1975; Ruffini et al. 1999, 2000; Fryer et al.
1996, 1999). Recently Fryer et al. (2014) presented significant
progress in understanding the underlying physical phenomena
in the aforementioned hypercritical accretion process of the
supernova ejecta into the binary companion neutron star (Ruffini
et al. 2008; Rueda & Ruffini 2012). The new treatment,
based on the two-dimensional cylindrical geometry smooth
particle hydrodynamics code, has numerically simulated the
process of hypercritical accretion—the classical Bondi–Hoyle
regimes—in the specific case of the IGC paradigm, and led
to the first astrophysical application of the neutrino production
process considered in Zel’dovich et al. (1972) and in Ruffini
& Wilson (1975; see e.g., in R. Ruffini et al., presentation in
the Zeldovich-100 meeting)5. Indeed the fundamental role of
neutrinos’ emission allows the accretion rate process to increase
the mass of the binary companion star to its critical value,
which leads to the black hole formation giving rise to the GRB
in Episode 2. These results confirm and quantify the general
considerations presented in Rueda & Ruffini (2012).

In Episode 2 all technical, numerical, and basic physical
processes have been tested in the literature, and the fireshell
model is now routinely applied to all GRBs (see, e.g., GRB
101023 in Penacchioni et al. 2012 and GRB 110709B in
Penacchioni et al. 2013).

The main aim of this paper is dedicated to a deeper under-
standing of the physical and astrophysical process present in
Episode 3:

1. to give evidence of the universal properties of Episode 3
observed in additional sources belonging to family 2, as
compared to the very high variability of Episode 1 and
Episode 2 components;

2. to present observations of GRB130427A leading to identi-
fication of new physical regimes encountered in Episode 3
and their interpretation within the IGC paradigm;

3. to give evidence of the predictive power of the observations
of Episode 3 and outline the underlying physical process
leading to the characterization of the two aforementioned
families of GRBs.

5 http://www.icranet.org/index.php?option=com_content&task=view&
id=747&Itemid=880

To start we will summarize in the next paragraph some
qualifying new features generally observed in Episode 3 of
selected GRBs of Family 2 and proceed in the following
paragraphs to the specific new information acquired about
Episode 3 from GRB 130427A. We will then proceed to the
general conclusions.

2. THE QUALIFYING FEATURES OF EPISODE 3

As observations of additional sources fulfilling the IGC
paradigm were performed, some precise qualifying features for
characterizing Episode 3 have been found.

1. In some GRBs with known redshift belonging to family
2 the late X-ray luminosities at times larger than 104 s
appeared to overlap when duly scaled in the proper rest
frame of the GRB source (Penacchioni et al. 2012). This
was soon confirmed for a sample of six GRBs (i.e.,
GRB 060729, GRB 061007, GRB 080319B, GRB090618,
GRB 091127, and GRB 111228), which we call the
golden sample (GS; Pisani et al. 2013); see Figure 3.
This unexpected result led to the adoption of the universal
luminosity versus time relation in the late X-ray emission of
Episode 3 as a distance indicator. For some GRBs without
a known cosmological redshift and exhibiting the general
features of the four episodes, we imposed the overlapping of
the late power law X-ray emission in Episode 3 with those
of the GS, and consequently we inferred the value of the
cosmological redshift of the source. This led to inferring the
overall energetics of the source and a consistent description
of each episode following our theoretical model. This was
the case with GRB 101023, which has an inferred redshift
z = 0.9 and Eiso = 4.03 × 1053 erg (Penacchioni et al.
2012), and GRB 110709B, with inferred redshift z = 0.75
and Eiso = 2.43 × 1052 erg (Penacchioni et al. 2013).

The above analysis initially addressed sources with z <
1, where the associated SNe are observable. However, there
is no reason to doubt that the IGC paradigm also applies
to sources for z > 1. In this case the SN is not observable
with the current optical telescopes, but the existence of
all the above episodes, with the exception of Episode 4
related to the optical observation of the SN, can be verified
in principle if they are above the observational threshold,
and the members of the GS are correspondingly further
increased. Indeed, significant results have been reached
by observing the fulfillment of the above scaling laws in
Episode 3 of GRB 090423, at z = 8.2 (Ruffini et al.
2014b). The occurrence of this overlapping in the late X-ray
emission observed by XRT is considered a necessary and
sufficient condition to assert that a GRB fulfills the IGC
paradigm.

2. The identification of a thermal emission occurring in the
initial very steep decay of Swift-XRT data of Episode 3
in GRB 090618 (Ruffini et al. 2014c). We are currently
examining other GRBs with this feature, e.g., 060729,
061007, 061121 (Page et al. 2011; Starling et al. 2012;
Friis & Watson 2013). From these thermal emissions it is
possible to infer the dimensions of the X-ray emitting re-
gions, as well as their Lorentz Γ factors, in this earliest
part of Episode 3 (Ruffini et al. 2014c). A typical mildly
relativistic expansion regime with Γ � 2 and character-
istic radii R ∼ 1013 cm has been identified (Ruffini et al.
2014c). These observational facts lead to a novel approach
to the theoretical understanding of the X-ray emission
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Figure 3. Golden sample scaling law (Pisani et al. 2013). X-ray luminosity light curves of the six GRBs with measured redshift in the 0.310 keV rest-frame energy
range: in pink GRB 060729, z = 0.54; black GRB 061007, z = 1.261; blue GRB 080319B, z = 0.937; green GRB 090618, z = 0.54; red GRB 09112 7, z = 0.49;
and in cyan GRB 111228, z = 0.713.

process of Episode 3, which is profoundly different from
the ultra-relativistic one in the traditional jet afterglow col-
lapsar paradigm model (Piran 2005; Mészáros 2006). We
concluded that this emission is not only mildly relativistic,
but also linked to a wide-angle emission from the SN ejecta
in the absence of any sign of collimation (Ruffini et al.
2014c).

3. From the direct comparison of the late X-ray emission of
the GS sources, we recently identified the appearance of a
nested structure, which we illustrate in Figure 4, comparing
the corresponding behavior of GRB 130427A with that of
GS GRB 060729 (Ruffini et al. 2014c). The occurrence of
these nested structures shows, among others, that in the
case of the most intense sources, the common power law
observed for the X-ray luminosities for times larger than
104 s does extend to earlier times; see Figure 4. Indeed, for
the most intense sources, the common power law behavior
is attained at an earlier time and at higher X-ray luminosities
than the characteristic timescale indicated in (Pisani et al.
2013); see Figure 3. As we are going to show, in the
highly energetic GRB 130427A, this behavior starts at
much earlier times around 400 s.

Some of these results were presented by one of the authors
in the 2013 Texas Symposium on Relativistic Astrophysics.6

There, the sources originating in a tight binary system composed
of a FeCO core at the onset of an SN event and a companion
NS were named binary driven hypernovae (BdHNe; Ruffini
et al. 2014c), in order to distinguish them from the traditional
hypernovae (HN).

The occurrence of the three features of Episode 3 listed
previously as obtained by our data analysis are becoming crucial
to the theoretical understanding of the GRB–SN phenomenon.
They have never been envisaged to exist or predicted in the
traditional collapsar–fireball paradigm (Nava et al. 2013; van
Eerten & MacFadyen 2012; van Eerten et al. 2010). The IGC

6 http://nsm.utdallas.edu/texas2013/proceedings/3/1/Ruffini.pdf

paradigm motivated an attentive data analysis of Episode 3 and
the discovery of its universality has been a by-product.

3. EPISODE 3 IN THE CASE OF GRB 130427A

In what follows we will show how GRB 130427A, which
is associated with SN 2013cq and is the most luminous GRB
observed in the past 40 yr, offers the longest multi-wavelength
observations of Episode 3 so far. It confirms and extends the
above understanding and corresponding scaling laws already
observed in X-rays to lower and higher energies. It also allows
for the exploration of the occurrence of similar constant power
law emission in the high-energy emission (GeV) and in the
optical domain. We proceed with our data analysis of the ultra
high GeV energy observations (Fermi-LAT), those in soft and
hard X-rays (Swift-XRT and NuStar, respectively), as well as of
optical observations (Swift-UVOT and ground based satellites).
Our results are compared to those in the current literature. These
observational facts set very specific limits on the Lorentz Γ
factor of each component; the corresponding mechanism of
emission; and the clear independence of any prolongation of
the GRB emission of Episode 2 to the emission process
of Episode 3.

The observation of the scaling law in the first 2 × 104 s alone
has allowed us to verify the BdHN nature of this source, which
necessarily implies the presence of a SN. Consequently, we
recall in Section 3.1 that we made the successful prediction of
the occurrence of a supernova, which was observed in the optical
band, as predicted on 2013 May 2.

In Section 3.2, we summarize our own data reduction of the
Fermi and Swift satellites, and we compare them with those in
the current literature.

In Section 3.3, we discuss the finding of a thermal component
in the early part of the X-ray emission of Episode 3. This is
crucial for identifying the existence of the X-ray emission of
a regime with low Lorentz factor and small radius, which is
typical for supernova ejecta.
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Figure 4. Top: overlapping of GRB 130427A and GRB 060729. The green
crosses represent the light curve of GRB 060729. The red triangle and orange
dots represent the light curve of GRB 130427A before and after 2013 May 2,
respectively. The vertical line marks the time of 2 × 104 s, which is the lower
limit for the domain of validity of the Pisani relation prior to GRB 130427A.
Bottom: this figure shows that GRB 060729 and GRB 130427A have different
magnitudes of the isotropic energy, but exhibit a common scaling law after
2 × 104 s. It also shows that the low isotropic energy GRB 060729 has a longer
plateau, while the high isotropic energy GRB 130427A does not display an
obvious plateau.

In Section 3.4 we compare the broadband (optical, X-ray,
γ -ray, all the way up to GeV) light curves and spectra of
Episode 3.

In Section 3.5 we point out the crucial difference between the
X-, γ -ray, and GeV emission in Episode-3.

In Section 3.6 we proceed to a few general considerations on
ongoing theoretical activities.

Sections 4 is the summary and conclusions.

3.1. Identification and Prediction

With the appearance of GRB 130427A, we decided to explore
the applicability of the IGC paradigm in the terra incognita of
GRB energies up to ∼1054 erg. In fact, prior to GRB 130427A,
the only known case of an equally energetic source, GRB
080319B, had some evidence of an optical bump (Bloom et al.
2009; Tanvir et al. 2010), but in no way gave detailed information
about the SN spectrum or type. We noticed in GRB 130427A
the characteristic overlapping of the late X-ray decay in the
cosmological rest frame of the source with that of GRB 060729,
a member of the golden sample (in red in Figure 4), and from
the overlapping we deduced a redshift that was consistent with
the observational value z = 0.34 (Levan et al. 2013a).

Therefore from the observations of the first 2 × 104 s, GRB
130427A fulfilled the IGC paradigm, and we conclude, solely
on this ground, that an SN should be observed under these
circumstances. We sent the GCN circular 145267 (Ruffini et al.
2013b) on 2013 May 2 predicting that the optical R-band of
an SN will reach its peak magnitude in about 10 days in the
cosmological rest frame on the basis of the IGC paradigm.
Starting from 2013 May 13 the telescopes GTC, Skynet, and
HST discovered the signals from the type Ic supernova SN
2013cq (de Ugarte Postigo et al. 2013; Trotter et al. 2013; Levan
et al. 2013b, 2014; Xu et al. 2013). We kept updating the X-ray
Swift data for weeks and confirmed the complete overlapping
of the late X-ray luminosities, in the respective cosmological
rest frames, of GRB 130427A and GRB 060729 (in orange in
Figure 4). From these data it became clear that the power law
behavior of the late-time X-ray luminosity with index α ∼ 1.3
indicated in Pisani et al. (2013)—leading to the new concept
of the nesting of the light curves—started in this very energetic
source at ∼102 s following an initial phase of steeper decay
(Ruffini et al. 2014c).

Contrary to the traditional approach that generally considers
a GRB to be composed of the prompt emission followed by
the afterglow, both of which vary from source to source, the
IGC paradigm for family 2 introduced Episode 3, which shows
regularities and standard late-time light curves that are largely
independent of the GRB energy. It soon became clear that, with
Episode 3, we were starting to test the details of the physics and
astrophysics of as yet unexplored regimes implied by the IGC
paradigm: (1) a ν-NS and the SN ejecta, originating in Episode
1, (2) a newly formed BH originating in Episode 2, and (3) the
possible interaction among these components observable in the
standard features of Episode 3.

The joint observations of the Swift, NuStar, and Fermi satel-
lites have offered the unprecedented possibility of clarifying
these new regimes with the addition of crucial observations in
the optical, X-ray, and high energy radiation for Episode 3 of
GRB 130427A, leading to equally unexpected results. The re-
mainder of this paper is dedicated to understanding Episode 3
of this remarkable event.

3.2. Data Analysis of Episode 3 in GRB 130427A

GRB 130427A was first observed by the Fermi-GBM at
07:47:06.42 UT on 2013 April 27 (von Kienlin 2013), which
we set as the starting time t0 throughout the entire analysis.
After 51.1 s, the Burst Alert Telescope (BAT) on board Swift was
triggered. The Swift Ultra Violet Optical Telescope (UVOT) and
the Swift X-ray Telescope (XRT) began observing at 181 s and
195 s after the GBM trigger, respectively (Maselli et al. 2013).
Because this was an extremely bright burst, successively more
telescopes pointed at the source: the Gemini North telescope
in Hawaii (Levan et al. 2013a), the Nordic Optical Telescope
(NOT) (Xu et al. 2013), and the VLT/X-shooter (Flores et al.
2013), which confirmed the redshift z = 0.34.

7 GCN 14526: the late X-ray observations of GRB 130427A by Swift-XRT
clearly show a pattern typical of a family of GRBs associated with supernovae
(SNe), following the Induced Gravitational Collapse (IGC) paradigm (Rueda
& Ruffini 2012; Pisani et al. 2013). We assume that the luminosity of the
possible SN associated with GRB 130427A would be that of 1998bw, as was
found in the IGC sample described in Pisani et al. (2013). Assuming the
intergalactic absorption in the I band (which corresponds to the R-band rest
frame) and the intrinsic one, with a Milky Way type for the host galaxy, we
obtain a magnitude expected for the peak of the SN of I = 22–23 occurring
13–15 days after the GRB trigger, namely between the 10th and the 12th of
2013 May. Further optical and radio observations are encouraged.
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Figure 5. Multi-wavelength light curve of GRB 130427A. The high energy (100 MeV–100 GeV) emission detected by Fermi-LAT marked in red, and soft X-ray
(0.3–10 keV) data from Swift-XRT marked in blue, are deduced from the original data. NuStar data (3–79 keV) marked in orange comes from (Kouveliotou et al.
2013). The optical (R-band, center at 629 nm) data marked in green comes from ground-based instruments (Perley et al. 2013). The error bars are too small with
respect to the data points except for Fermi-LAT data. The horizontal error bars of Fermi-LAT represent the time bin in which the flux is calculated and vertical bars are
statistical 1σ errors on the flux (the systematic error of 10% is ignored). The details in the first tens of seconds are ignored because we are interested in the behavior
of the high energy light curve on a longer time scale. The vertical gray dashed line at (∼400 s) indicates when the constant decaying slope starts. It is clear that all the
energy bands have almost the same slope after 400 s in Episode 3.

GRB 130427A is one of the few GRBs with an observed
adequate fluence in the optical, X-ray, and GeV bands simul-
taneously for hundreds of seconds. In particular it remained
continuously in the LAT field of view until 750 s after the trig-
ger of Fermi-GBM (Ackermann et al. 2013), which gives us the
best opportunity so far to compare the light curves and spectra
in different energy bands, and to verify our IGC paradigm. We
did the data reduction of Fermi and Swift satellites using the
following methods.

Fermi. Data were obtained from the Fermi Science Support
Center,8 and were analyzed using an unbinned likelihood
method with Fermi Science Tools v9r27p1.9 Event selections
P 7SOURCE V 6 and P 7CLEAN V 6 were used, depending
on which one gave more stable results. Recommended data
cuts were used (e.g., zmax = 100 degree). The background is
composed of the galactic diffuse emission template and the
isotropic emission template, as well as about 60 point sources
that are within the 15◦ radius of the GRB (however, their
contribution was found to be negligible). The parameters for the
background templates were held fixed during the fit. Luminosity
light curve in Figure 5 corresponds to the energy range of
100 MeV to 100 GeV, a circle radius of 15◦, with a power
law spectra assumption. Because the data points up to the last
two give a photon index of �2.1 with small errors, we set the
photon index for the last two points to the value 2.1 during
the fitting procedure in order to obtain more stable results.
The light curve can be obtained with great temporal detail
before 750 s. However, because we are interested in the general
behavior of Episode 3, for simplicity we neglected such a fine
temporal structure and rebinned the light curve. Therefore there
are only three data points up to 750 s. The spectrum is plotted
in Figure 6.

8 http://Fermi.gsfc.nasa.gov
9 http://Fermi.gsfc.nasa.gov/ssc/data/analysis/software/

Swift. XRT data were retrieved from UKSSDC10 and were
analyzed by the standard Swift analysis software included in
the NASA’s Heasoft 6.14 with relevant calibration files.11 In
the first 750 s only Windows Timing (WT) data exists and the
average count rate exceeds 300 counts s−1; the highest count
rate reaches up to 1000 counts s−1, which is far beyond the
value of 150 counts s−1 that is suggested for the WT mode as a
threshold of considering pile-up effects (Evans et al. 2007). Pile-
up effects cause the detector to misrecognize two or more low
energy photons as a single high energy photon, which softens
the spectrum. We adopted the method proposed by Romano
et al. (2006), fitting dozens of spectra from different inner
sizes of box annulus selections in order to determine the extent
of the distorted region. Taking the time interval 461–750 s as
an example, the deviation comes from where the inner size is
smaller than six pixels, as shown in Figure 6. Then we applied
the standard XRT data analyzing process (Evans et al. 2007,
2009) to obtain the spectrum, as plotted in Figure 6. For the
luminosity light curve we split XRT observations in the nominal
0.3–10 keV energy range to several slices with a fixed count
number, followed the standard procedure (Evans et al. 2007,
2009), and considered the pile-up correction. The XRT light
curves of different bands are shown in Figure 5.

3.3. The X-Ray Qualification of GRB 130427A as a BdHN

Here we first focus on the extended X-ray emission of
Episode 3, which, as shown, gives the qualifying features for
the identification of GRB 130427A as a BdHN. We first identify
the power law component of the light curve after the steep
decay and the end of the plateau. This power law component
of GRB 130427A has a power law index α = −(1.31 ± 0.01)
and extends from 400 s to ∼107 s without jet breaks. These
results are consistent with previous papers (see, e.g., in Perley

10 http://www.Swift.ac.uk
11 http://heasarc.gsfc.nasa.gov/lheasoft/
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Figure 6. Top: data from the Swift-XRT (0.3–10 keV) in the time range of
461–750 s for GRB 130427A. The data shows the photon index for different
region selections after considering the pile-up effect. After six inner pixels, the
photon index approaches an almost constant value of 1.52. Bottom: spectra of
GRB 130427A in the time range of 461–750 s. The green data points are from
Swift-UVOT (Perley et al. 2013), the blue and gray points come from Swift-XRT,
and red data correspond to Fermi-LAT. The horizontal error bars are energy bins
in which the flux is integrated and the vertical ones are 1σ statistical errors on
the count rate. The gray data points correspond to unabsorbed Swift-XRT data,
while the blue ones are obtained with the assumption of absorption.

et al. 2013; Laskar et al. 2013) that find no jet break, but differs
from Maselli et al. (2014), who claim a break of the later time
light curve.

We turn to an additional crucial point: to confirm that the
X-ray emission of Episode 3 belongs to the SN ejecta and not
the GRB. To do this it is crucial, as already done for other
sources (Ruffini et al. 2014c), to determine the presence of a
thermal component in the early time of Episode 3 and infer the

temperature and the size of its emitter. By analyzing the XRT
data, we find that adding a blackbody component efficiently
improves the fit with respect to a single power law from 196 s
to 461 s. The corresponding blackbody temperature decreases
in that time duration, from 0.5 keV to 0.1 keV, in the observed
frame. Figure 7 shows the evolution of the power law plus
blackbody spectra in three time intervals. Clearly the flux of
the thermal component drops with time, and the temperature
corresponding to the peak flux energy decreases. Kouveliotou
et al. (2013) found that a single power law is enough to fit
the NuStar data in the NuStar epochs, and the reason could
be that the thermal component has faded away or exceeded the
observational capacity of the Swift satellite in the NuStar epochs,
which start later than 105 s.

By assuming that the blackbody radiation is isotropic in the
rest frame, the emitter radius along the line of sight increases
from ∼0.7 × 1013 cm at 196 s to ∼2.8 × 1013 cm at 461 s in the
observed frame. This is orders of magnitude smaller than the
emission radius of the GRB, which is larger than 1015 cm in the
traditional GRB collapsar afterglow model. The size of 1013 cm
at hundreds of seconds is consistent with the observation of
supernova ejecta. After considering the cosmological and the
relativistic corrections, tda � t(1 + z)/2Γ2, where t and tda are
the time in the laboratory and observed frame, respectively,
and Γ is the Lorentz factor of the emitter, we get an expansion
speed of ∼0.8c, corresponding to Lorentz factor Γ = 1.67.
These results contradict the considerations inferred in Maselli
et al. (2014) Γ ∼ 500, which invoke a value of the Lorentz
factor in the traditional collapsar afterglow model (see, e.g.,
Mészáros 2006). Again, in the prototypical GRB 090618, the
Lorentz factors (1.5 � Γ � 2.19) and emission radii (∼1013 cm)
are very similar to those of GRB 130427A presented in Ruffini
et al. (2014c). It is interesting that such a thermal component has
been also found in the early parts of Episode 3 of GRB 060729
(adopted in Figure 4) and many other SN associated GRBs (see
Ruffini et al. 2014c; Grupe et al. 2007; Starling et al. 2012).

3.4. Discussion of Multi-Wavelength Observations in Episode 3

Now we turn to the most unexpected feature in the analysis
of the optical, X-ray, γ -ray, and very high energy emission

Figure 7. Spectral fitting of three time intervals (196 s–246 s, 246 s–326 s, and 326 s–461 s) in Episode 3; the data come from Swift-XRT (0.3 KeV–10 KeV, without
pile-up area). Black points are the deduced data, the green dashed line presents the thermal component, the blue long-dashed line is the power law component, and the
red line shows the combination of these two components. Clearly the flux of thermal component drops and the temperature decreases with time.
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Figure 8. Flux of first 700 s. Blue points are the Fermi-LAT high energy emission from 100 MeV until 100 GeV (Ackermann et al. 2013), the gray dotted line
represents the Fermi-GBM from 10 keV to 900 keV, the green dashed line represents the photons detected by Swift BAT from 10 keV to 50 keV, and the red solid line
is the soft X-ray Swift-XRT detection in the range of 0.3–10 KeV. This figure clearly shows that the Fermi-LAT emission reaches highest fluence at about 20 s, while
the gamma-ray detected by Fermi-GBM releases most of the energy within the first 10 s.

in Episode 3 of GRB 130427A. The optical emission was
observed by Swift-UVOT and many ground-based telescopes
(the R-band as an example for the optical observation). The
soft X-ray radiation was observed by Swift-XRT (0.3–10 keV).
Similarly, the hard X-ray radiation was observed by Swift-BAT
(15–150 keV) and NuStar (3–79 keV). The γ -ray radiation was
observed by Fermi-GBM (8 KeV –40 MeV), and the high energy
radiation by Fermi-LAT (100 MeV–100 GeV). The main result
is that strong analogies are found in the late emission at all
wavelengths in Episode 3. After 400 s these luminosities show
a common power law behavior with the same constant index as
in the X-ray (and clearly with different normalizations), so by
fitting multi-wavelength light curves together we have a power
law index α = −(1.3 ± 0.1).

Turning now to the spectrum, integrated between 461 s and
750 s, the energy range covers 10 orders of magnitude, and the
best fit is a broken power law (see Figure 6). In addition to the
traditional requirements for the optical supernova emission in
Episode 4, and the much more energetically demanding require-
ment for the general multi-wavelength emission of Episode 3
has to be addressed.

3.5. The Onset of Episode 3

In the previous sections we emphasized the clear evidence of
GeV emission and its analogy in the late power law luminosities
as functions of the arrival time for the X-ray, optical, and GeV
emissions. Equally important in this section is to emphasize
some differences between the X-ray, γ -ray, and the high energy
GeV emission, especially with respect to the onset of Episode 3
at the end of prompt emission in Episode 2 (see Figure 8). We
observe:

1. The γ -ray light curves observed by Fermi-GBM and hard
X-ray observed by Swift-BAT have similar shapes. They
reach the highest luminosity between 4 s and 10 s during
the prompt emission phase of Episode 2.

2. The high energy (>100 MeV) GeV emission gradually
rises, just after the γ - and X-ray prompt emissions drop
down at the end of Episode 2: the high energy GeV emission
raises to its peak luminosity at about 20 s. The turn on of the
GeV emission coincides, therefore, with the onset of our
Episode 3. These considerations were recently confirmed
and extended by the earliest high energy observations in
GRB 090510 (Ruffini et al. 2014, in preparation).

3. At about 100 s, the Swift-XRT starts to observe the soft
X-ray and a sharp spike appears in the hard X-ray and
gamma ray bands (see Figure 8). Only at this point does the
Swift-XRT start to observe soft X-ray. We are currently
addressing the occurrence of the spike to the thermal
emission observed to follow in the sharp decay of the X-ray
luminosity prior to the plateau and the above mentioned
common power law decay (Ruffini et al. 2014b).

The detailed analysis of the prolonged emission observed
by Fermi-LAT in GeV enables us to set specific limits on the
Lorentz factor of this high energy emission. We analyzed the
GeV emission from ∼300 s to 2.5 × 104 s, dividing the time
interval into seven sub-intervals and in each of them collecting
the corresponding maximum photon energy and photon index
of the spectral energy distribution, as shown in Ackermann et al.
(2013, Figure 2). We focused our attention on the estimate of
the Lorentz factor for this high energy component from the
usual optical depth formula for pair creation τγ γ (see, e.g.,
Lithwick & Sari 2001; Gupta & Zhang 2008). We computed, for
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Figure 9. Constraints on the Lorentz factors and the size of the GeV emitting region at the transparency point. Solid curves represent the curves defined by varying
the emitting region size from the τγ γ = 1 condition; dot-dashed curves represent the radius of the emitter obtained from causality in the ultrarelativistic regime (i.e.,
Rem = 2Γ2cΔt). Filled circles correspond to the solutions of both limits. The different colors refer to the time intervals from ∼273 s to 24887 s, in the order cyan,
green, blue, purple, red, orange, and pink, respectively.

different values of radii of the emitter, the corresponding Lorentz
factors at the transparency condition (i.e., τγ γ = 1; see the solid
curves in Figure 9). The constraints on the size of the emitting
regions come from causality in the ultrarelativistic regime (i.e.,
Rem = 2Γ2cΔt), where Δt corresponds to the duration of the
time intervals under consideration (see the dot-dashed curves
in Figure 9). The values of the Lorentz factor range between
∼10 and ∼40, and correspondingly, the radii of the emitting
region at the transparency point are located between ∼1016 cm
and ∼2 × 1017 cm (see the filled circles in Figure 9).

3.6. General Considerations on Recent
Theoretical Progress on BdHD

The concurrence of the above well-defined scaling laws and
power law of the observed luminosities both in the X-ray and/
or in the optical domains in Episode 3 of GRB 130427A
have been considered arguments in favor of looking to the r-
process and to heavy nuclei radioactive decay as the energy
sources (Ruffini et al. 2014c; see the pioneering work of Li &
Paczynski 1998). The extended interaction of the ν-NS and its
binary NS companion in the SN ejecta provides an environment
for r-processes to create the needed neutron-rich very heavy ele-
ments to attribute some of the electromagnetic energy in Episode
3 to nuclear decay, ≈1052 erg. Alternatively, we are considering
emission originating from type-I and type-II Fermi acceleration
mechanisms, which are introduced by Fermi precisely to ex-
plain the radiation process in the SN remnants (Fermi 1949).
In addition these processes can lead to a power law spectrum
(Aharonian 2004) that is similar to that presented in this paper
and our recent letter (Ruffini et al. 2014c). The GRB emission
of Episode 2 interacting with the SNe ejecta could represent
the energy injection long sought by Fermi for the onset of his
acceleration mechanism (Fermi 1949).

Both of these processes can operate as energy sources for
the mildly relativistic X-ray component and the relativistic GeV
emission of Episode 3.

We are currently examining additional BdHN sources and
giving particular attention to understanding the highest GeV
energy emission, which is unexpected in the traditional r-
process. The inferred Γ Lorentz factor for the GeV emission
points to the possibility of a direct role of the two remaining
components in the IGC paradigm: the newly born neutron star
(νNS) and the just born black hole (see Figure 1). There is
also the distinct possibility that these two systems have become
members of a newly born binary system12 (Rueda & Ruffini
2012).

4. CONCLUSION

We recall that GRB 130427A is one of the most energetic
GRBs ever observed (Eiso � 1054 erg), with the largest γ -ray
fluence and the longest lasting simultaneous optical, X-ray,
γ -ray, and GeV observations of the past 40 yr. For this reason
we performed our own data analysis of the Swift and Fermi
satellites (see Sections 3) in order to probe the BdHN nature of
this source (see Section 3.3) and infer new perspectives for the
IGC paradigm and the physical and astrophysical understanding
of GRB.

We summarize the main results by showing how the analysis
of GRB 130427A should be inserted in a wider context with
three different areas: (1) the formulation and the observational
consequences of the IGC paradigm; (2) the comprehension in-
duced by the multi-wavelength observations of GRB130427A;
and (3) the BDHN versus HN properties. BDHN is relevant in
establishing a new alternative distance indicator in astrophysics,
which will be summarized in the following.

With reference to the formulation and observational conse-
quences of the IGC paradigm:

1. The IGC paradigm introduces a new experience in as-
trophysics that has been successfully applied in particle

12 Presentation of R. Ruffini in Yerevan: http://www.icranet.org/images/
stories/Meetings/meetingArmenia2014/talks/ruffini-1.pdf
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physics: to understand that a system traditionally consid-
ered elementary is actually a composed system, and that
new components in the system can appear from the influ-
ence of collisions or decay. Well-known physical examples
are represented by the introduction of the quark (Aad et al.
2012), or the creation of new particles in a decay or colli-
sion of elementary particle system: the Fermi theory of beta
decay or the mesons production in electron positron colli-
sion in storage rings are classical examples. These facts are
routinely accepted in particle physics, although Fermi had
to explain them at the time (Fermi 1934). In astrophysics
this situation is new. To see that a process until recently
considered elementary, such as the GRB, does contain four
different astrophysical systems, and that the interaction be-
tween two of them (i.e., the FeCO core undergoing SN and
the companion NS binary) give rise to two different new
systems, a νNS and a BH, and that the entire process occurs
in less than 200 s, is a totally new condition. To understand
it, a new technical and conceptual approach is needed. The
new style of research is more similar to that adopted in
particle physics than in classical astronomy; see Figure 1.

2. Possibly the most profound novelty in this approach, for
the understanding of GRBs, is the introduction of the four
episodes that are summarized in Section 1. The traditional
GRB description corresponds to Episode 2. Episode 1
corresponds to the dynamical accretion of the SN ejecta
onto the companion NS. We are now considering an
enormous rate of accretion of 1031 g s−1, which is 1015

times larger than that usually considered in the binary
X-ray source in systems like Centaurus X-3 or Cygnus
X-1 (see e.g., in Giacconi & Ruffini 1975). This process
opened a new field of research by presenting the first
realization of the hypercritical accretion introduced by
Bondi–Hoyle–Littleton, as well as the testing ground of
the neutrinos emission pioneered in the Zel’dovich et al.
(1972) and Ruffini & Wilson (1975) (see Section 1). The
pure analytic simplified solutions in Rueda & Ruffini (2012)
are now supported by direct numerical simulation in Fryer
et al. (2014, and Figure 1 therein).

3. The main revolution of the IGC paradigm for GRBs comes
from the discovery of the universal laws discovered in
Episode 3, which compare the explosive, irregular phases,
varying from source to source in all observed GRBs in
Episode 1 and Episode 2. The universality of Episode
3, as well as the precise power laws and scaling laws
discovered, changes the field of GRB analysis by making
it one of time-resolved, high-precision, and reproducible
measurements. Additional unexplored physical phenomena
occurs in Episode 3, adding to the new ultrarelativistic
regimes already observed in the Episode 2 in previous
years,13 see Figure 3 and Figure 4 as well as Figure 5.

With reference to the comprehension induced by the multi-
wavelength observations of GRB130427:

1. Following the work on the GS (Pisani et al. 2013) and the
more recent work on the nested structures (Ruffini et al.
2014c), we have first verified that the soft X-ray emission
of GRB 130427A follows for time t � 104 s the power law
decay described in Pisani et al. (2013). Surprisingly, this
most energetic GRB unveils that such power law behavior
as already exists at the early time as t ∼100 s (details in

13 Presentation of R. Ruffini in the 13th Marcel Grossmann Meeting:
http://www.icra.it/mg/mg13

Ruffini et al. 2014c). From the X-ray thermal component
observed at the beginning of Episode 3 following a spiked
emission at ∼100 s, a small Lorentz factor of the emitter is
inferred (Γ < 2). This X-ray emission appears to originate
in a mildly relativistic regime with a velocity v ∼ 0.8c,
does not appear to have substantial beaming, and appears
to be relatively symmetric with no jet break; see Figure 5
and Ruffini et al. (2014c, Figure 2).

2. We made a multi-wavelength analysis of Episode 3 where
we compared optical data from Swift-UVOT and ground-
based telescopes, X-ray data from Swift-XRT, γ -ray data
from Fermi-GBM, and very high energy data in the GeV
from Fermi-LAT. The high energy emission appears to
be detectable at the end of the prompt radiation phase in
Episode 2, when the fluence of the X-ray and γ -ray of the
prompt exponentially decreases and becomes transparent
for the very high energy photons in the Fermi-LAT regime.
From the transparency condition of the GeV emission, a
Lorentz Gamma factor of 10–40 is deduced. In principle
this radiation, although no brake is observed in its power
law, could be in principle beamed; see Figure 9.

3. Although the light curves of X-ray and GeV emission
appear to be very similar, sharing similar power law decay
index, their Lorentz Γ factors appear to be very different,
and their physical origins are necessarily different. Within
the IGC model, the X-ray and high energy can originate
from the interaction of some of the physical components
(e.g., neutron star and black hole) that were newly created
in the C-matrix: the interaction of the GRBs with the SN
ejecta (Ruffini et al. 2014b) may well generate the X-ray
emission and the associated thermal component. The high
energy should be related to the novel three components (i.e.,
the BH, the νNS, and the SN ejecta). From the dynamics it
is likely that the νNS and the BH form a binary system (see
e.g., Rueda & Ruffini 2012 and the presentation by one of
the authors).14

With reference to the BDHN versus HN properties:

1. The verification of the BdHN paradigm in GRB 130427A
has confirmed that for sources with isotropic energy
approximately 1054 erg, the common power law behavior
is attained at earlier times (i.e., ∼103 s) and higher X-ray
luminosities than the characteristic timescale indicated in
(Pisani et al. 2013) (see Figure 3). From the observation of
the constant-index power law behavior in the first 2 × 104 s
of the X-ray luminosity light curve, which overlap with the
known BdHNe, it is possible to estimate the redshift of the
source, the isotropic energy of the GRB, and the fulfillment
of the necessary and sufficient condition for predicting the
occurrence of the SN after ∼10 days in the rest frame of
the source (see, e.g., GCN 14526). This procedure has been
successfully applied to GRB 140512A (R. Ruffini et al., in
preparation).

2. The overlap with the GS members of the late X-ray emission
observed by the Swift XRT, referred to as the rest frame of
the source, introduces a method to establish an independent
distance estimator of the GRBs. Although this method has
been amply applied (e.g., GRBs 060729, 061007, 080319,
090618, 091127, 111228A), we also declare that there are
some clear outliers to this phenomenon, such as GRB
060614 (Ruffini et al. 2013a), 131202A (Ruffini et al.

14 Presentation of R. Ruffini in Yerevan: http://www.icranet.org/images/
stories/Meetings/meetingArmenia2014/talks/ruffini-1.pdf
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2013c), and 140206A (Ruffini et al. 2014a). These are all
cases of great interest and the solution of this contradiction
may be of particular astrophysical significance. Particularly
interesting is the case of GRB 060614 because the cosmo-
logical redshift has not been directly measured and there
can be a misidentification of the host galaxy (Cobb et al.
2006).

3. As first pointed out in Rueda & Ruffini (2012) and Ruffini
et al. (2014c), and further evidenced in Fryer et al. (2014),
the crucial factor that may explain the difference between
family 1 and family 2 GRBs is the initial distance between
the FeCO core and its binary NS companion. The accretion
from the SN ejecta onto the companion NS, and the
consequent emission process decrease, by increasing this
distance has consequently hampered the possibility for
the binary companion NS to reach its critical mass (see
Figures 3 and 4 in Izzo et al. 2012, and the discuss therein).
Unlike family 2, in family 1 no BH is formed, no GRB is
emitted, and neither Episode 2 nor Episode 3 exists—only
a softer and less energetic radiation from the accretion onto
the neutron star will be observed in these sources. The
problem of explaining the coincidence between the GRB
and supernova in the case of family 1 is just a tautology: no
GRB in this family exists, only a hypernova (Ruffini et al.
2014c).

This paper addresses recent results on the IGC paradigm
applied to long GRBs. The IGC paradigm and the merging of
binary neutron stars has also been considered for short GRBs
(see e.g., Muccino et al. 2013a, 2013b, 2014; Ruffini et al.
2014c) and is now being further developed.
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supported by the Erasmus Mundus Joint Doctorate Program
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Abstract—The induced gravitational collapse (IGC) paradigm addresses energetic (1052−1054 erg), long
gamma-ray bursts (GRBs) associated to supernovae (SNe) and proposes as their progenitors tight binary
systems composed of an evolved FeCO core and a companion neutron star (NS). Their emission is
characterized by four specific episodes: Episode 1, corresponding to the on-set of the FeCO SN explosion
and the accretion of the ejecta onto the companion NS; Episode 2, related the collapse of the companion NS
to a black hole (BH) and to the emission of a long GRB; Episode 3, observed in X-rays and characterized
by a steep decay, a plateau phase and a late power-law decay; Episode 4, corresponding to the optical SN
emission due to the 56Ni decay. We focus on Episode 3 and we show that, from the thermal component
observed during the steep decay of the prototype GRB 090618, the emission region has a typical dimension
of ∼1013 cm, which is inconsistent with the typical size of the emitting region of GRBs, e.g., ∼1016 cm.
We propose, therefore, that the X-ray afterglow emission originates from a spherically symmetric SN ejecta
expanding at Γ ≈ 2 or, possibly, from the accretion onto the newly formed black hole, and we name these
systems “binary driven hypernovae” (BdHNe). This interpretation is alternative to the traditional afterglow
model based on the GRB synchrotron emission from a collimated jet outflow, expanding at ultra-relativistic
Lorentz factor of Γ ∼ 102−103 and originating from the collapse of a single object. We show then that
the rest-frame energy band 0.3−10 keV X-ray luminosities of three selected BdHNe, GRB 060729, GRB
061121, and GRB 130427A, evidence a precisely constrained “nested” structure and satisfy precise scaling
laws between the average prompt luminosity, 〈Liso〉, and the luminosity at the end of the plateau, La, as
functions of the time at the end of the plateau. All these features extend the applicability of the “cosmic
candle” nature of Episode 3. The relevance of r-process in fulfilling the demanding scaling laws and the
nested structure are indicated.

DOI: 10.1134/S1063772915070070

1. INTRODUCTION

Gamma-ray bursts (GRBs) are the most powerful
explosions in the universe [1], with an isotropic energy
release Eiso = 1048−1054 erg. Their classification
in short and long GRBs is based on their bi-modal
distribution in the observed durations, the so-called
T90 [2–5], being longer or larger than T90 = 2 s.

∗The text was submitted by the authors in English.
**E-mail: Ruffini@icra.it

Paper was presented at the international conference in honor
of Ya.B. Zeldovich 100th Anniversary “Subatomic Particles,
Nucleons, Atoms, Universe: Processes and Structure” held
in Minsk, Belarus, in March 10–14, 2014. Published by
the recommendation of the special Editors: S.Ya. Kilin,
R. Ruffini, and G.V. Vereshchagin.

An interesting fact has been the discovery of a
temporal coincidence between long GRBs and super-
novae (SNe), hypothessized already in 1975 by [6]. In
particular, after the first observed connection between
GRB 980425 [7] and SN 1998bw [8], the systematic
and spectroscopic analysis has evidenced that these
associations involve SNe Ib/c SNe [9]. The lack of
hydrogen (H) and helium (He) in SN Ib/c spectra,
the most likely explanation is that the SN progenitor
star is in a binary system with a compact companion,
a NS [10–12].

The induced gravitational collapse (IGC)
paradigm [13–16] addresses the study of long, en-
ergetic (1052−1054 erg) GRBs associated to SNe.
It assumes as their progenitor a close binary system
composed of an evolved massive star (likely a FeCO
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core) in the latest phases of its thermonuclear evo-
lution and a neutron star (NS) companion. We here
name these specially energetic systems fulfilling the
IGC paradigm “binary driven hypernovae” (BdHNe),
to differentiate them from the traditional less en-
ergetic hypernovae. From an observational point
of view, the complete time sequence of four dstinct
emission episodes for the BdHNe, observed in GRB
090618 [17], GRB 101023 [18], GRB 110907B [19],
and GRB 970828 [20], is well described by the space-
time diagram in Fig. 1:

Episode 1 occurs when the FeCO core explodes
as SN, originating a new-NS (ν-NS, see A) and
triggering an accretion process onto the NS compan-
ion (see [15, 16] and B in Fig. 1). In this phase a
prolonged interaction between the ν-NS and the NS
binary companion occurs (C), leading to a spectrum
with an expanding thermal component plus an extra
power-law (see Fig. 16 in [17], and Fig. 4 in [20]).

Episode 2 occurs when the companion NS
reaches its critical mass and collapses to a black
hole (BH), emitting a GRB (D) at Lorentz factors
Γ = 102−103 [for details, see, e.g., 17, 20, 21].

Episode 3, corresponds to the observed X-rays
afterglow, which consists of a steep decay, starting at
the end point of the prompt emission (see E), and then
a plateau phase followed by a late constant power-law
decay [see e.g. 17, 18, 20].

Episode 4, not shown in Fig. 1, corresponds to
the optical SN emission due to the 56Ni decay [see
22] occurring after ∼10−15 days in the cosmological
rest-frame. Although the presence of the SN is im-
plicit in all the sources fulfilling the IGC paradigm, it
is detectable only for GRBs at z ≤ 1, in view of the
limitations of the current optical telescopes.

In Section 2, we explain the difference in size
and the Lorentz factor of the emitting regions of
Episodes 1, 2 and 3; for definiteness we use the source
with the most complete dataset, GRB 090618. In
Section 3, we focus on the luminosity light curve of
Episode 3, showing that, for three selected BdHNe
(GRBs 060729, 061121 and 130427A) the steep de-
cay, the plateau and the power-law decay of the X-
ray luminosities as functions of Eiso, and, not only
they follow a common power-law behavior with a
constant slope in the source rest-frame [23], but they
also present a “nested structure.” In Section 4, we
examine correlations between the time at the starting
point of the constant late power-law decay, t∗a, the
average prompt luminosity, 〈Liso〉, and the luminosity
at the end of the plateau, La, and we draw attention
on the possible role of r-process, originating in the
binary system of the progenitor, to power the mildly
relativistic X-ray source and to explain the above
correlations.

2. THE CASE OF GRB 090618

We briefly summarize the differences in the emit-
ting region sizes of Episodes 1, 2, 3 and their corre-
sponding Lorentz factors.

In [17] it was shown that the thermal component of
Episode 1 expands from ∼109 to ∼1010 cm in a rest-
frame timescale of ∼30 s with an average velocity of
∼4 × 108 cm s−1. The total energy of Episode 1 is
4.1 × 1052 erg, well above to the traditional energy
expected in the early phases of a SN. This extra en-
ergy is here attributed to the accretion of the material
of the SN ejecta on the companion NS in the binary
system [15, 20].

Episode 2 has been shown to be the ultra-relativis-
tic prompt emission episode (e.g. the actual GRB)
originating from the collapse of the NS to a BH. Its
isotropic energy is 2.5 × 1053 erg. The characteristic
Lorentz factor at the transparency of the Fireshell has
been found to be Γ = 490. The characteristic spatial
extension goes all the way up to ∼1016−1017 cm,
reached at the end of Episode 2 (see in particular
Fig. 10 in [17]).

The whole Episode 3 has an isotropic energy of
≈6 × 1051 erg. A striking feature occurs in the early
observed 150 s of Episode 3 (see Fig. 2), during its
steep decay phase it has been found a thermal compo-
nent with a decreasing temperature from ∼0.97 keV
to ∼0.29 keV [24]. The surface radius of the emitter
can be inferred from the observed temperature To and
flux FBB of the thermal component. We have in
fact [17]

r = Γ
dl

(1 + z)2

(
FBB

σT 4
o

)1/2

, (1)

where dl is the luminosity distance in the ΛCDM cos-
mological model and σ the Stefan–Boltzmann con-
stant. As usually, the Lorentz factor can be written
as Γ = 1/

√
1 − β2, where β = v/c is the expansion

velocity in units of the speed of light c. In parallel
we obtain the relation between the detector arrival
time tda, the cosmological rest-frame arrival time tda
and the laboratory time t [25]

tda ≡ ta(1 + z) = t(1 − β cos θ)(1 + z), (2)

where θ is the displacement angle of the considered
photon emission point from the line of sight. We can
then deduce the value of the expansion velocity β,
assumed constant, from the ratio between the vari-
ation of the emitter radius Δr and the duration of the
emission in the laboratory Δt, i.e.,

β =
Δr

cΔt
. (3)
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Fig. 1. A schematic diagram emphasizing the relativistic motion of the GRB in Episode 2 at Γ = 490 (thick line). Compared
and contrasted is the interplay with the non-relativistic Episode 1 (Γ = 1) and Episode 3 (Γ ≈ 2). It is particularly important
to realize that the arrival time at the transition between Episode 1 and Episode 2 refers to two different values of the radial
coordinate: in Episode 3, R1 (≈1012 cm), and Episode 2, R2 (≈1016−1017 cm). This clearly implies that Episode 3 belongs
to the SN remnant and not to the GRB. For simplicity we neglect the binary motion as well as some residual BH activity after
the completion of the gravitational collapse and/or the activity of the ν-NS and/or the asymmetry in the expanding SN ejecta.

From Eqs. (1)–(3) and using the condition β ≤
cos θ ≤ 1 [25], we obtain a range of values for the
velocity of 0.75 ≤ β ≤ 0.89, correspondingly, a range
of values of the Lorentz factor 1.50 ≤ Γ ≤ 2.19 and
radii of the order of r ∼ 1013 cm.

As it is clear from Fig. 1, a sharp transition occurs
between the end of Episode 2, where the character-
istic dimensions reached by the GRB are of the order
of ∼1016−1017 cm, and the emission at the beginning
of X-ray luminosity, with an initial size of the order
of ∼7 × 1012 cm. This leads to the conclusion that
the X-ray emission originates in the SN ejecta or in

the accretion on the newly born BH and, anyway, not
from the GRB.

3. THE BdHNe NESTED EPISODE 3

In [23] it has been shown that the X-ray rest-
frame 0.3−10 keV luminosity light curves present
a constant decreasing power-law behavior, at times
≥104 s, with a typical value of the slope of −1.7 ≤
αX ≤ −1.3. This feature has been evidenced in a
best sample of six BdHNe, namely, 060729, 061007,
080319B, 090618, 091127, and 111228, hereafter
Golden Sample, see e.g. [23] and Fig. 4, and has
been used also to infer the redshifts of GRBs 101023

ASTRONOMY REPORTS Vol. 59 No. 7 2015
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Fig. 2. Rest-frame 0.3−10 keV luminosity light curve of GRB 090618. The shaded region marks the rest-frame time interval in
which a thermal component has been found. The black empty circles correspond to the luminosity of this thermal component.
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Fig. 3. The radii (open blue circles) of the emitting regions, measured in the cosmological rest-frame. Episode 1 radius ranges
from 109 cm from 1010 cm and expands at Γ ≈ 1. Episode 3 radius, in the early phases of the steep decay, starts from a value
of ≈7 × 1012 cm and expands at Γ ≈ 2. Episode 2 rest-frame duration is indicated by the shaded purple region.

and 110709B [18, 26]. The sufficient selection criteria
adopted in [23] to identify the BdHNe were: (a) an
isotropic energy of the prompt emission larger than

1052 erg, (b) the presence of a precursor (indicated
as Episode 1) with a cooling thermal emission in its

spectrum, and (c) a spectroscopical and/or photo-
metric identification of the associated SN (for sources
at z ≤ 1).

The occurrence of GRB 130427A, the most lu-
minous source ever observed in γ-rays with Eiso ≈
1054 erg, at z = 0.34 [27, 28], led to another important

ASTRONOMY REPORTS Vol. 59 No. 7 2015
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Fig. 5. The rest-frame 0.3−10 keV re-binned luminosity light curves of GRB 130427A (purple diamonds), GRB 061121 (red
circles) and GRB 060729 (pink squares). The light curves are fitted by using a power-law for the steep decay phase (dashed
lines) and the function in Eq. (4) for the plateau and the late decay phases (dot-dashed curves).

theoretical understanding. Although Episodes 1 and
2 are not clearly separated as in the prototype GRB
090618, the late X-ray luminosity light curve of GRB
130427A evidenced the pattern typical of the BdHNe

and its overlapping with GRB 060729 (see Fig. 5)
provided an independent estimate of the redshift of
GRB 130427A, in full agreement with the measured
value. This allowed also to predict, ∼10−15 days in
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Fig. 6. The 〈Liso〉−t′
a (top panel), the La−t′

a (middle panel) and the 〈Liso〉−La (bottom panel) correlations (solid gray lines)
and the corresponding 1σ confidence levels (dashed gray lines). The source considered in these plots are GRB 060729 (pink),
GRB 061007 (black), GRB 080319B (blue), GRB 090618 (green), GRB 091127 (red), GRB 111228A (cyan) and GRB
130427A (purple).

the cosmological rest-frame before its discovery, the
occurrence of the associated SN, which has been later
confirmed by the observations [29–32]. This led us to
the conclusion that only the above conditions a) and
c) in [23] are in fact necessary to identify the BdHNe.

GRB 130427A X-ray data have been compared
and contrasted also with a third burst, GRB 061121,
which shows the general behavior of BdHNe. This
burst, at z = 1.314 [33], has Eiso = 3.0 × 1053 erg,
and its Episode 4 is clearly missing in view of the high
cosmological redshift. In Fig. 5, it is shown the com-
parison between the rebinned rest-frame 0.3−10 keV
luminosity light curves of GRBs 130427A (purple
diamonds), 060729 (pink squares) and 061121 (red
circles). The fitting of their Episode 3 emissions,
are modeled by a power-law, which describes the
steep decay, and a phenomenological function, which
reproduces the plateau and the late decay, both in the
rest-frame arrival time ta

L(ta) = Lp

(
ta

100

)αp

+ LX

(
1 +

ta
τ

)αX

, (4)

where Lp and αp are the steep decay luminosity (nor-
malized at ta = 100 s) and index, and LX , αX and
τ are, respectively, the plateau luminosity, the late
power-law decay index and the characteristic time-
scale of the end of the plateau. From Eq. (4), we have
defined the end of the plateau t′a as the rest-frame time
when the luminosity of the plateau is half of the initial
one, namely, t′a = τ [(1/2)1/αX − 1], and therefore the
corresponding luminosity is La = LX/2.

From this fitting procedure, we can conclude that
the three considered BdHNe necessary present the
following properties:

(a) the selected BdHNe evidence an asymptotic
behavior in their X-ray luminosity in the 0.3−10 keV
rest frame energy band [23] with a common power-
law index −1.7 ≤ αx ≤ −1.3 for the considered
sources;

(b) for the more energetic sources the plateau
shrinks and the common power-law decay starts di-
rectly from the prompt steep decay with the same
slope found at later times;

(c) most remarkably, all the power-law luminosi-
ties as functions of the rest-frame time of the BdHNe
converge to a common value, independently of their
isotropic energy, presenting a “nested” structure, see
Fig. 5.

The most important result consists in the fact that
in all BdHNe with z ≤ 1, the common behavior of the
power-law decay starts after t′a, which can occur, for
the most energetic sources, much earlier than ta ∼
104 s [23].

4. CORRELATIONS FOR THE BDHNE

In order to quantify some additional properties of
the plateau phase and of the late power-law decay, in
analogy with the procedure by [34–36] we have es-
tablished correlations from our Eq. (4) for the BdHNe
(see Fig. 6): 1) the 〈Liso〉−t′a (top), 2) the La−t′a
by [34] (middle) and 3) the 〈Liso〉−La (bottom). In
the last correlation, which resembles the one dis-
cussed in [35], the averaged luminosity of the prompt
is defined as 〈Liso〉 = Eiso/t90,a, where t90,a is the
rest-frame t90 duration of the burst. The sources
considered in these three correlations correspond to
GRB 130427A (purple) and to the BdHNe considered
in [23]: GRB 060729 (pink), GRB 061007 (black),
GRB 080319B (blue), GRB 090618 (green), GRB
091127 (red) and GRB 111228A (cyan). The param-
eters of each burst are listed in Table 1. The best fit
parameters of the correlations, generally expressed as
log10 Yi = mi log10 Xi + qi, and their extra scatters σi

(where i = 1, . . . , 3) are summarized in Table 2. As
is clear from Table 1, this sample of bursts provides
tighter correlations with extra-scatters smaller than
the one in [37], σ = 0.76 for the whole sample of 62
bursts and σ = 0.40 for the best sub-sample (U0095).

To explain the above nested structure and cor-
relations, we have considered, as a viable energy
source, the decay of heavy elements produced in the
r-process [38–44]. In the work by [39] it has been
shown that the emission from the surface of an opti-
cally thick expanding ejecta, in adiabatic regime, pro-
vides a flat light curve (see also [45]). This can explain
in principle the observed plateau phase of Episode 3,
see Fig. 5. After the ejecta becomes transparent,
the heating source term due to the nuclear decays of
the heavy nuclei, generated via r-process, dominates.
The avalanche of decays with different lifetimes pro-
vides a total energy release per unit mass per time
that follows a power-law distribution, whose decay
index has been estimated to be −1.4 ≤ α ≤ −1.1 [46].
These values are strikingly similar to the ones we have
found in the late X-ray luminosity.

ASTRONOMY REPORTS Vol. 59 No. 7 2015



588 MUCCINO et al.

Table 1. List of the quantities involved in the four correlations in Fig. 6, for each of the considered sources

GRB Eiso (erg) 〈Liso〉 (erg/s) t′a (s) La (erg/s)

GRB 060729 (1.60 ± 0.07) × 1052 (1.25 ± 0.08) × 1050 (2.74 ± 0.14) × 104 (2.04 ± 0.05) × 1046

GRB 061007 (1.05 ± 0.07) × 1054 (2.67 ± 0.18) × 1052 41 ± 36 (5.21 ± unc) × 1049

GRB 080319B (1.41 ± 0.03) × 1054 (2.79 ± 0.07) × 1052 123 ± 28 (4.3 ± 1.7) × 1049

GRB 090618 (2.49 ± 0.02) × 1053 (3.47 ± 0.03) × 1051 741 ± 30 (7.81 ± 0.17) × 1047

GRB 091127 (1.62 ± 0.02) × 1052 (2.68 ± 0.03) × 1051 41 ± 36 (4.39 ± 0.26) × 1047

GRB 111228A (2.41 ± 0.14) × 1052 (4.79 ± 0.24) × 1050 (2.17 ± 0.27) × 103 (1.38 ± 0.10) × 1047

GRB 130427A (1.05 ± 0.15) × 1054 (9.8 ± 1.5) × 1051 155 ± 26 (1.21 ± 0.21) × 1049

5. CONCLUSIONS

Within the IGC scenario, the sub-class of long,
extremely energetic (1052−1054 erg) sources is ini-
tially driven by a tight binary system, formed by a
ν-NS and a companion NS, surrounded by the SN
ejecta (see Fig. 1), and are named “BdHNe.” These
systems clearly differ from the gravitational collapse
of a single massive progenitor star described by the
Collapsar model [47–49].

We compared and contrasted the late X-ray lumi-
nosities of three BdHNe with different Eiso, finding
a nested structure. We showed tight correlations
between 〈Liso〉, La and t∗a (see Fig. 6 and Table 2)
in agreement with the Dainotti–Willingale ones. The
above scaling laws, the nesting, and the initial dimen-
sion of ∼7 × 1012 cm and Lorentz factor of Γ ≈ 2 ob-
tained from the steep decay of the X-ray luminosity of
GRB 090618 put stringent limits on alternative the-
oretical models. They do not appear to be explainable
within the traditional fireball jetted model, originating
in the synchrotron radiation emitted by a decelerating
relativistic shell with Γ ∼ 102 and colliding with the
circumburst medium at distances ∼1016 cm [see, e.g.,
1, 50–52, and reference therein]. We alternatively
proposed that the late X-ray luminosity comes from
the wide angle emission of the SN ejecta or in the
accretion on the newly born BH. Attention is given
to the role of the energy release in the SN ejecta from
the decay of very heavy nuclei generated by r-process

Table 2. List of the considered correlations and of the
corresponding values of mi, qi and σi

Correlations mi qi σi

1 〈Liso〉−t′a −(0.90 ± 0.09) 54.0 ± 0.3 0.20 ± 0.05

2 La−t′a −(1.34 ± 0.14) 52.0 ± 0.4 0.26 ± 0.08

3 〈Liso〉−La 0.66 ± 0.05 19.7 ± 2.6 0.17 ± 0.05

in binary NSs [39], which may explain the nested
structure of the X-ray luminosities, the plateau phase,
as well as its energetic and constant index power-law
decay (see Fig. 5).

In the case of binary systems with longer periods
and/or a lower accretion rate, which do not allow
the NS companion to reach its critical mass and to
form a BH, Episode 2 is missing. The presence
of the companion NS will neverthless strip the H
and He envelopes of the core progenitor star. These
sources have low energetic bursts (Eiso < 1052 erg),
such as GRB 060218 and GRB 980425, and their
X-ray luminosity light curves do not overlap with the
ones of our more energetic sample of BdHNe. These
systems do not conform to the IGC paradigm and are
traditional hypernovae.1
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Abstract—Following the recently established “Binary-driven HyperNova” (BdHN) model, we here inter-
pret GRB 970828 in terms of the four episodes typical of such a model. The “Episode 1,” up to 40 s after
the trigger time t0, with a time varying thermal emission and a total energy of Eiso,1st = 2.60 × 1053 erg,
is interpreted as due to the onset of an hyper-critical accretion process onto a companion neutron star,
triggered by the companion star, an FeCO core undergoing a SN explosion. The “Episode 2,” observed
up t0 + 90 s, is interpreted as a canonical gamma ray burst, with an energy of Ee+e−

tot = 1.60 × 1053 erg,
a baryon load of B = 7 × 10−3 and a bulk Lorentz factor at transparency of Γ = 142.5. From this
Episode 2, we infer that the GRB exploded in an environment with a large average particle density
〈n〉 ≈103 particles/cm3 and dense clouds characterized by typical dimensions of (4−8) × 1014 cm and
δn/n ∼ 10. The “Episode 3” is identified from t0 + 90 s all the way up to 105−6 s: despite the paucity of the
early X-ray data, typical in the BATSE, pre-Swift era, we find extremely significant data points in the late
X-ray afterglow emission of GRB 970828, which corresponds to the ones observed in all BdHNe sources.
The “Episode 4,” related to the Supernova emission, does not appear to be observable in this source, due
to the presence of darkening from the large density of the GRB environment, also inferred from the analysis
of the Episode 2.

DOI: 10.1134/S1063772915070094

1. INTRODUCTION

The Gamma Ray Burst (GRB) 970828 is one of
the first GRBs with an observed X-ray and radio af-
terglow and a determined redshift of z = 0.9578 from
the identification of its host galaxy [1]. It was detected
by the All Sky Monitor (ASM) detector on board the
Rossi X-ray Timing Explorer (RXTE) spacecraft [2],
and then observed also by the Burst And Transient
Source Experiment (BATSE) on board the Compton

∗The text was submitted by the authors in English.
**E-mail: Ruffini@icra.it

Paper was presented at the international conference in honor
of Ya.B. Zeldovich 100th Anniversary “Subatomic Particles,
Nucleons, Atoms, Universe: Processes and Structure” held
in Minsk, Belarus, in March 10–14, 2014. Published by
the recommendation of the special Editors: S.Ya. Kilin,
R. Ruffini, and G.V. Vereshchagin.

Gamma-Ray Observatory [3]. The crucial data on
the afterglow of GRB 970828 were collected by the
Advanced Satellite for Cosmology and Astrophysics
(ASCA) in the 2–10 keV energy range, one day
after the RXTE detection [4], and by ROSAT [5] in
the (0.1–2.4) keV, one week later. Observations on
optical wavelengths failed to detect the optical after-
glow [6, 7]. The fluence measured by BATSE implies
an isotropic energy for the total emission of Eiso =
4.2 × 1053 erg. This source is still presenting today,
after 15 years from its discovery, an extremely rich
problematic in the identification of its astrophysical
nature.

The recent joint GRB observations made by satel-
lites as Swift [8], Fermi [9], AGILE [10], Konus-
WIND [11] in hard X-rays energy range, as well as
the follow-up of their afterglow emission in the (0.3–
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Fig. 1. Left panel: BATSE-LAD light curve of GRB 970828 in the 25–1900 keV energy range. Right panel: The behavior
of the observed temperature in GRB 970828 and the best fit with a broken power-law function of the first 20 s as presented
in [22].

10) keV range by the X-Ray Telescope (XRT) [12]
on-board Swift, and the corresponding follow-up ob-
servations in the optical and radio wavelengths have
made possible a new understanding of the entire GRB
process. In this paper we start a procedure of revisit-
ing previous GRBs in the BATSE, pre-Swift era, in-
cluding the new understanding mentioned above. In
particular, we apply to GRB 970828 the new Binary-
driven HyperNova (BdHN) scenario, in which GRBs
associated with Supernovae (SNe) [13, 14], are com-
posed of four different episodes [15–18].

• The “Episode 1” corresponds to the emission
from an hyper-critical accretion onto the a
neutron star (NS) due to the onset of a Super-
nova (SN) companion in a close binary system.
The hyper-critical accretion induces allows
the NS to reach the critical mass [19] finally
collapsing to a black hole (BH). In the specific
case of GRB 970828, this episode is clearly
identified, see Fig. 1. The observed hard X-ray
emission is composed of a thermal spectrum
plus a power-law component, both evolving
in time. The presence of an evolving thermal
component allows the determination of the
time decay of the blackbody temperature kT
(from 80 to 25 keV), in the rest-frame time
of 20 s, leading to the estimate of the emitter
radius between 5000 and 25 000 km.

• The “Episode 2,” corresponding to the obser-
vations of the GRB, is related to the collapse
of the NS into a BH. The characteristic pa-
rameters of the GRB 970828 are the Lorentz
Gamma factor of Γ ≈ 150, the baryon load B =

7 × 10−3 and a large circumburst density of the
order of 103 particles/cm3.

• The “Episode 3,” in soft X-rays, occurs when
the prompt emission from the GRB fades away
and an additional component, discovered by
Swift XRT [20, 21] emerges. It has been
shown [18] that this component, in energetic
(Eiso ≥ 1052 erg) BdHNe, when referred to the
rest-frame of the source, follows a standard
behavior of the light curve evolution. This
emission encompasses the SN shock break out
and the expanding SN ejecta (v/c ≈ 0.1). In
the case of GRB 970828, the X-ray emission
observed by ASCA and ROSAT perfectly over-
lap with the common trend observed in BdHN
systems and exemplified in Fig. 5.

• The “Episode 4” is represented by the observa-
tions of the optical emission of the SN, which
has been observed in some BdHN sources,
with z ≤ 0.9, [GRB 090618, GRB 060729,
GRB 091127, GRB 111228, GRB 080319B,
see, e.g., 18]. It is generally hard to detect a SN
at z = 0.9578 and in the case of GRB 970828
is even more difficult due to the very large
presence of circumburst material, which has
also hampered the observations of the optical
afterglow, making this source a ‘dark’ GRB.

The presence of an evolving thermal component
in the first 20 s of the emission of GRB 970828,
using BATSE data, has been indicated by [22],
where they have considered the emission in the
first 20 s of Episode 1. They then have fitted the
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Fig. 2. Left panel: The evolution of the temperature kT (red crosses) as obtained from a time-resolved spectral analysis of the
first 40 s of emission of GRB 970828. The light curve of the first episode (blue dots) is shown in background. Right panel:
Evolution of the rest-frame radius of the first episode of GRB 970828. The solid line corresponds to the best fit of this dataset
with a power-law function r ∝ rδ, with δ = 0.41 ± 0.04.

evolution of the temperature kT and the ratio R =

(FluxBB/σT 4
obs)

1/2, where FluxBB is the observed
flux of the instantaneous blackbody, σ the Stefan
constant, and Tobs the observed temperature, whose
evolution in time is fitted with a broken power-
law function, see Fig. 1. In their theoretical in-
terpretation, this thermal emission was associated
to the photospheric GRB emission of a relativistic
expanding fireball [23], and they inferred a bulk
Lorentz Gamma factor of the expanding plasma,

Γ ≈ (305 ± 28)Y
1/4
0 , with Y0 ≥ 1 the ratio between

the entire fireball energy and the energy emitted in
γ-rays [23]. Since the fireball photospheric radius is
given by rph = (RDΓ)/(1.06(1 + z)2), with D the
luminosity distance of the GRB, they obtain for rph

the value of 2.7 × 1011Y
1/4
0 . In [22], the authors have

also attributed the remaining GRB emission to an
unspecified engine activity and neglected all data after
20 s. In their own words, “we neglect here late-time
episodes of engine activity that occur after ∼25 and
∼60 s in this burst.” As we will show in the following
of this article, we notice the presence of a thermal
component in the first 40 s, and we attribute it to a
non-relativistic initial expansion with radius evolving
from 2 × 109 to 3 × 1010 cm, see Fig. 2. In addition,
we identify the Episode 2 with the GRB emission
between t0 + 50 s and t0 + 90 s and the Episode 3
between 104−106 s.

In Section 2 we give a summary of the observa-
tions of GRB 970828 and describe our data analy-
sis. We proceed in Section 3 to the description of
Episode 1, with the details of the expanding black

body emitter, the analysis of the non-thermal compo-
nent and its interpretation in the BdHN paradigm. In
Section 4 we describe Episode 2, the authentic GRB
emission. It is well explained in the context of the
fireshell scenario, see, e.g., [13] for a complete review
of the model. In Section 5 we describe Episode 3,
pointing out the clear overlapping of the observed
late X-ray data within the theoretical expectation of
a BdHN member. In Section 6 we discuss about the
theoretically expected SN emission, not observed due
to the large circumburst medium. Conclusions are
given in the last section.

2. DATA ANALYSIS

GRB 970828 was discovered with the All-Sky
Monitor (ASM) on board the Rossi X-Ray Timing
Explorer (RXTE) on 1997 August 28 [3]. Within
3.6 h the RXTE/PCA scanned the region of the sky
around the error box of the ASM burst and detected a
weak X-ray source [4, 24]. GRB 970828 was also ob-
served by the Burst and Transient Source Experiment
(BATSE) and the GRB experiment on Ulysses [3].
The BATSE-LAD light curve is characterized by two
main emission phenomena, see Fig. 1: the first lasts
about 40 s and is well described by two main pulses,
the second one is more irregular, being composed by
several sharp pulses, lasting other 40 s.

The X-ray afterglow was discovered by the ASCA
satellite 1.17 days after the GRB trigger [25]. The X-
ray afterglow observations continued up to 7–10 days
from the burst detection. The optical observations,
which started about 4 h after the burst, did not report
any possible optical afterglow for GRB 970828 up
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Table 1. Spectral analysis (25 keV–1.94 MeV) of the first 40 s of emission in GRB 970828. The following symbols
represent: ∗ temperature (keV) of the second black body; † normalization of the power law component in units of
ph cm−2 s−1 keV−1

Spectral model α (γ) β γext Epeak (keV) kT (keV) χ2/DOF

Power Law –1.38 ± 0.01 – – – – 6228.1/115

Cut-off PL –0.77 ± 0.02 – – 465.4 ± 10.6 – 203.83/114

Band –0.60 ± 0.03 –2.15 ± 0.05 – 360.5 ± 12.5 – 106.48/113

Band+PL –0.41 ± 0.15 –2.41 ± 0.33 –1.47 ± 0.17 335.8 ± 17.6 – 104.12/111

Cutoff + PL –0.47 ± 0.17 – –1.28 ± 0.16 338.7 ±1 7.9 – 104.28/112

BB + po – – –1.50 ± 0.01 – 63.71 ± 0.92 228.09/113

BB + BB + po –1.53 ± 0.17 – 0.010 ± 0.001† 40.01 ± 2.05∗ 106.8 ± 6.3 101.78/111

to R = 23.8 [7]. However, the observations at radio
wavelengths of the burst position, 3.5 h after the
initial burst, succeeded in identifying a source at a
good significance level of 4.5σ [1] inside the ROSAT
error circle (10′′). The following deep searches for a
possible optical counterpart of this radio source led
to the identification of an interacting system of faint
galaxies, successively recognized as the host galaxy
of GRB 970828. The spectroscopic observations of
the brightest of this system of galaxies led to the iden-
tification of their redshift, being z = 0.9578. The lack
of an optical transient associated with the afterglow of
GRB 970828 can be explained as due to the presence
of strong absorption, due to dusty clouds in the burst
site environment, whose presence does not affect the
X-ray and the radio observations of the GRB after-
glow. The absence of an optical afterglow [7], together
with the large intrinsic absorption column detected
in the ASCA X-ray data [26] and the contemporary
detection in radio-wavelengths of the GRB afterglow,
imply a very large value for the circum-burst medium
(CBM); the variable absorption might be an indica-
tion of a strong inhomogeneous CBM distribution.

To analyze in detail this GRB, we have consid-
ered the observations of the BATSE-LAD detector,
which observed GRB 970828 in the 25–1900 keV
energy range, and then we have reduced the data
by using the RMFIT software package. For the
spectral analysis we have considered the High Energy
Resolution Burst (HERB) data, which consist of 128
separate high energy resolution spectra stored during
the burst emission. The light curve, shown in Fig. 1,
was obtained by using the Medium Energy Resolu-
tion (MER) data, which consist of 4.096 16-channel
spectra summed from triggered detectors.

3. THE EPISODE 1

3.1. The Onset of the Supernova
and the Hyper-Critical Accretion

In analogy to the cases of GRB 090618 [15],
we analyze here the first emission episode in GRB
970828 to seek for a thermal signature. We have
rebinned the light curve assuming a signal-to-noise
ratio for each time bin of 20. This large value of counts
per bin allows us to consider a gaussian distribution
for the photons in each bin, so in the following we will
use a χ2 statistic.

As often done in GRB analysis, we first perform
a time-integrated spectral analysis of the first 40 s
of emission, which corresponds to the Episode 1,
to identify the best-fit model and the possible pres-
ence of thermal features. We make use of different
spectral models, see Table 1, to determine the best-
fit function. We also check if nested models really
improve the best-fit, as in the case of models with an
extra power-law component. We find that the best-
fit corresponds to a double blackbody model with an
extra power-law component. The check between the
Band and the double black body plus power law is
minimal (Pval = 9%) but with this last model we note
an improvement of the best fit at high energies.

It has already been emphasized that the integrated
spectral analysis often misses the nature of the phys-
ical components and also the nature of the under-
lying physical mechanisms. We perform therefore
a time-resolved spectral analysis to determine the
existence and the evolution of a thermal component.
We find that the double blackbody model observed
in the time-integrated spectrum can be explained by
the presence of an instantaneous single blackbody
with a temperature kT varying in intensity and time,
showing a double decay trend. We note that the
timing of these trends corresponds to the two main
spikes in the observed light curve of this first episode,
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see Fig. 2. We have then analyzed this characteristic
evolution of the blackbody in both time intervals, cor-
responding each one to an observed decay trend of the
temperature. From the observed flux of the blackbody
component φBB,obs for each interval, we obtain the
evolution of the emitter radius in the rest-frame:

rem =

(
φBB,obs

σT 4
obs

)1/2 D

(1 + z)2
(1)

whose evolution is shown in Fig. 2. It is very interest-
ing that the radius monotonically increases, without
showing an analog double trend which is observed for
the temperature, see Fig. 2. The global evolution of
the emitter radius is well-described with a power-law
function r = αtδ and a best fit of the data provides for
the δ = 0.41 ± 0.04 and α = (5.38 ± 0.52) × 108 cm,
with an R2 statistic value of 0.98, see Fig. 2.

It is appropriate to discuss the power law com-
ponent observed in the time resolved spectra. In
BdHNe, the tight geometry of the binary system im-
plies that as the external layers of the SN core starts
to expand, an hyper-critical accretion phenomenon is
induced onto the NS companion.

3.2. Binary Progenitor and Binary-Driven
Hypercritical Accretion

The first estimates of the IGC process [14, 15]
were based on a simplified model of the binary pa-
rameters and the Bondi–Hoyle–Lyttleton accretion
formalism [27–29]. The following discussion is based
on the more recent and accurate results presented
in [30], in which the collapsing CO cores leading
to SN Ic are simulated to calculate realistic profiles
for the density and ejection velocity of the SN outer
layers. The hydrodynamic evolution of the accreting
material falling into the Bondi–Hoyle accretion re-
gion is also computed from numerical simulations all
the way up to its incorporation onto the NS surface.

The hypercritical accretion onto the NS from the
SN ejecta can be estimated from the Bondi–Hoyle–
Lyttleton formula

ṀBHL = 4πr2
BHLρ(v2 + c2

s)
1/2, (2)

where ρ is the SN ejecta density, v is the ejecta
velocity in the rest-frame of the NS, which includes
a component from the ejecta velocity, vej, and another
component from the orbital velocity of the NS, vorb; cs

is the SN ejecta sound speed, and rBHL is the Bondi
radius

rBHL =
GMNS

v2 + c2
s

, (3)

being G the gravitational constant and MNS is the
NS mass. The conditions of the binary system are

such that both the velocity components, vorb, vej, are
typically much larger than the sound speed. The ejec-
ta velocity as a function of time is determined by the
explosion energy and the nature of the SN explosion.
The orbital velocity depends upon the orbital separa-
tion, which in turn depends upon the radius of the CO
core and the binary interactions prior to the explosion
of the CO core. The effect of the NS magnetic field
is negligible in this process [14, 31]: for a neutron
star with surface magnetic field B = 1012 G, mass
MNS = 1.4 M�, and radius rNS = 106 cm, one has
that for accretion rates Ṁ > 2.6 × 10−8 M� s−1 =
0.8 M� yr−1, the Alfvén magnetospheric radius sat-
isfies RA = [B2R6/(Ṁ

√
2GMNS)]2/7 < rNS.

The evolution of the SN ejecta density near the
NS companion depends on the SN explosion and
the structure of the progenitor just prior to collapse.
The compactness of the CO core is such that there
is no Roche lobe overflow prior to the SN explosion.
The Roche lobe radius can be computed from [32],
RL,CO/a ≈ 0.49q2/3/[0.6q2/3 + ln(1 + q1/3)], where
q = MCO/MNS. For a CO core progenitor MCO ≈
5 M�, RCO ≈ 3 × 109 cm, no Roche lobe overflow
occurs for binary periods P ≥ 2 min, or binary sepa-
rations a ≥ 6 × 109 cm, assuming a NS companion
mass MNS ≥ 1.4 M�.

In order to derive the accretion onto the NS, the
explosion has to be modeled. We have recently per-
formed the numerical simulations following two dif-
ferent approaches [30]: the first assuming a homol-
ogous outflow with a set explosion energy and a
second approach following the collapse, bounce, and
explosion of a 20M� (zero-age main sequence mass)
progenitor. The calculation uses a 1D core-collapse
code [33] to follow the collapse and bounce and then
injects energy just above the proto-NS to drive differ-
ent SN explosions mimicking the convective-engine
paradigm. With this progenitor and explosion, we
produce the density and velocity evolution history at
the position of the Bondi–Hoyle surface of the NS
companion.

Under the above conditions, we have found from
our numerical simulations in [30] that hypercritical
accretion rates of up to 10−2 M�/s occur in these
systems. This infall rate is well above the critical
Eddington rate. The Eddington accretion limit, or
critical accretion rate makes a series of assumptions:
(1) the potential energy gained by the accreting ma-
terial is released in the form of photons which exert
pressure finally reducing the accretion rate, (2) the
inflowing material and outflowing radiation is spher-
ically symmetric, (3) the photons are not trapped in
the flow and can deposit momentum to the inflowing
material, and (4) the opacity is dominated by electron

ASTRONOMY REPORTS Vol. 59 No. 7 2015



INDUCED GRAVITATIONAL COLLAPSE 631

scattering. However, many of these assumptions
break down in the IGC scenario, allowing hypercriti-
cal accretion rates.

It can be shown that the photons for the hyper-
critical accretion rates in the IGC are trapped in the
flow. Chevalier [34] derived the trapping radius where
photons emitted diffuse outward at a slower velocity
than infalling material flows inward:

rtrapping = min[(ṀBHLκ)/(4πc), rBHL ] (4)

where κ is the opacity (in cm2 g−1) and c is the speed
of light. If the trapping radius is near or equal to
the Bondi radius, the photons are trapped in the flow
and the Eddington limit does not apply. We estimate
for our CO core a Rosseland mean opacity roughly
5 × 103 cm2 g−1, a factor ∼104 higher than electron
scattering. Combined with our high accretion rates,
it is clear that the Eddington limit does not apply in
this scenario and hypercritical accretion must occur.

The inflowing material shocks as it piles up onto
the NS producing an atmosphere on top of the NS
which, by compression, becomes sufficiently hot to
emit neutrinos [31, 34–36]. The neutrinos have be-
come then crucial in cooling the infalling material,
allowing its incorporation into the NS [31, 37, 38].
We compute the neutrino emission following [31, 38].
We thus take into account e− and e+ capture by
free protons and neutrons, and pair and plasma νν̄
creation; ν absorption processes include νe capture
by free neutrons, ν̄e by free protons, and νν̄ annihi-
lation. ν scattering includes e− and e+ scattering off
ν and neutral current opacities by nuclei. The three
species νe,μ,τ are tracked separately by the transport
algorithm.

As material piles up, the accretion shock moves
outward. The accretion shock weakens as it moves
out and the entropy jump becomes smaller, producing
an unstable atmosphere with respect to Rayleigh–
Taylor convection. Previous simulations [38, 39] of
such instabilities accretion process have shown that
they can accelerate above the escape velocity driving
outflows from the accreting NS with final velocities
approaching the speed of light, causing the ejection
of up to 25% of the accreting material. The entropy of
the material at the base of our atmosphere, Sbubble, is
given by [31]:

Sbubble = 38.7

(
MNS

2M�

)7/8

×
(

ṀBHL

0.1 M�s−1

)−1/4 ( rNS

106 cm

)−3/8
(5)

kB per nucleon, where rNS is the radius of the NS.
The corresponding temperature of the bubble, Tbubble,

is:

Tbubble = 195 S−1
bubble

( rNS

106 cm

)−1
. (6)

Under the hypercritical accretion of the IGC, the
temperature of the bubble when it begins to rise is
Tbubble ∼5 MeV. If it rises adiabatically, expanding
in all dimensions, it drops to 5 keV at a radius of
109 cm, far too cool to observe. However, if it is
ejected in a jet, as simulated in Fryer [38], it expands
laterally but not radially, so we have roughly ρ ∝
r2 and T ∝ r−2/3. In that simplified bubble evolu-
tion, the outflow would have a temperature Tbubble ∼
50 keV at 109 cm and Tbubble ∼ 15 keV at 6 × 109 cm.
This could explain the temperature and size evolu-
tion of the blackbody observed in the Episode 1 of
BdHNe. For example, the blackbody observed in
Episode 1 of GRB 090618 [15] evolves as T ∝ r−m

with m = 0.75 ± 0.09, in agreement with this sim-
plified theoretical estimate. For the present case of
GRB 970828, the fully lateral bubble evolution do not
match perfectly, implying that the above simplified
picture needs further refinement and/or the presence
of other mechanisms. We are currently deepening
our analysis of the possible explanation of the thermal
emission observed in Episode 1 of BdHNe as based on
convective instabilities in the hypercritical accretion
process, and the results will be presented elsewhere.

Concerning the power-law component observed
in the luminosity of Episode 1 in addition to the
blackbody one, we advance the possibility that such
a high-energy emission could come from the angular
momentum of the binary system as follows.

The angular momentum per unit mass accreting
by the NS can be estimated as

jacc ≈ 1

2
ωorbr

2
B, (7)

where ωorb = vorb/a is the orbital angular velocity,
vorb = (GMT /a)1/2 is the orbital velocity, a the sep-
aration distance of the binary components, MT =
MCO + MNS is the total mass of the binary. rB is
the Bondi capture radius. From our numerical sim-
ulations, we know that when the neutron star reaches
the critical mass, the inequality vej � vorb is satisfied,
so we can approximate Eq. (3) as

rBHL ≈ 2GMNS

v2
orb

→ 2GMcrit

v2
orb

=
2GMBH

v2
orb

, (8)

where MBH = Mcrit, is the mass of the newly-formed
black hole, so it equals Mcrit, the critical mass of the
NS.

The black hole can gain angular momentum up
to it reaches the maximal value allowed by the Kerr
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solution

jmaxBH =
GMBH

c
. (9)

Therefore we have (see Fig. 3)

jmaxBH

jacc
=

1

2

MT

MBH

√
GMT

c2a

=
1

2

(
1 +

MCO

MBH

)√
G(MCO + MBH)

c2a
. (10)

It becomes then clear from the above first simpli-
fied estimate that the angular momentum carried out
by the accreted material highly exceed the maximal
angular momentum that the newly-born black hole
can support, and therefore angular momentum dis-
sipation, very likely in form of collimated emission, is
likely to occur. We are currently performing numerical
simulations of this process in order to assess the
validity and accuracy of these first order of magnitude
estimates.

3.3. A Possible Explanation for the Non-Thermal
Component and the Compactness Problem

It is well known [see 40] that most of GRBs emit a
large fraction of observed high-energy photons (E 

1 MeV) which can interact with low-energy photons
to produce electron-positron pairs via γγ → e+e− in
a compact region with radius R that, with a naive es-
timate, can be considered R < cδt ≈ 3000 km. This
would imply an optical depth τ 
 1, but we know that
GRB spectra are non-thermal, so we are in presence
of a paradox. This issue can be solved assuming
a relativistic expansion of the emitting source, with
Lorentz factor Γ 
 1 [40, 41]. In this case, in fact, we
would have R < 2γ2cdt and consequently a decrease
of the estimated optical depth [42–44].

The observed high-energy photon spectrum is
often modeled by a single power-law KE−γ , with
Emin < E < Emax and power-law index γ. The
energy Emax is the highest observed photon energy. In
the frame of the emitting material, where the photons
are assumed to be isotropic, a photon with energy E′

can annihilate a second photon with energy E′
th,

yielding an electron-positron pair. The threshold for
this process is described by

E′E′
th ≥ (mec

2)2, (11)

where me is the electron mass. If the source is
moving toward the observer with a Lorentz factor Γ,
then the photons previously analyzed have detected
energy of E = ΓE′/(1 + z) and Eth ≥ ΓE′

th/(1 + z),
respectively. Therefore in the observer frame photons
with energy Emax annihilate only with other photons
having energy Emax,th = [Γmec

2/(1 + z)]2E−1
max. Al-

though the observed high-energy photon spectrum
is a power-law up to 4 MeV in the rest frame of
the burst, there is no observational evidence for the
presence of a cut-off due to the e+e−-pair creation.
Therefore we can estimate the minimum Lorentz fac-
tor of the non-thermal component allowed by the
observations from the maximum energy observed in
the first episode Emax ∼ 2 MeV. From this assump-
tion, it is straightforward to impose that the threshold
energy Emax,th for the pair creation process has to be
Emax,th < Emax, see e.g., case (III) in [45]. It follows
then a lower limit on the Lorentz factor from the
observed energy Emax

Γmin ≥ Emax

mec2
(1 + z) . (12)

We can identify Emax with the cut-off energy of the
spectrum Ec, but for the moment we treat them as dif-
ferent energies. Following the considerations in [45],
we have calculated the averaged number of photons
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interacting with Emax from Emax,th to Ec ≥ Emax on
the cross-section of the process integrated over all the
angles θ

〈σNmax,th〉 = 4πd2
zΔt

+∞∫

Emax,th

KE−γdE

×

EmaxE

(mec2)2∫

1

3

16
σT sds =

2E1−γ
max,th

ξ
(13)

and we have correspondingly evaluated the optical
depth

τγγ =
〈σNmax, th〉
4π(Γ2cΔt)2

, (14)

by defining the following quantities

dz =
D

1 + z
, s =

EmaxE(1 − cos θ)

2(mec2)2
,

ξ ≡
[
3πσT d2

zKΔt

4(γ2 − 1)

]−1

,

and using the Thomson cross-section σT . The con-
dition τγγ < 1 yields to a lower limit on the Lorentz
Γ factor. We have applied these considerations to
non-thermal spectrum of the first episode of GRB
970828, and considered for Δt in Eq. (14), the whole
duration of the first episode in GRB 970828. There-
fore, we have calculated an averaged lower limit on
the Lorentz factor, i.e., Γmin = 77 for the whole first
episode. Therefore, a relativistic outflow of the ac-
cretion process of the SN onto the companion NS,
can explain the origin of the power-law high energy
component observed in Episode 1.

4. THE EPISODE 2: THE GRB EMISSION

Turning now to the second emission episode, we
have computed the isotropic energies emitted in this
episode, by considering a Band model as the best fit
for the observed integrated spectra: Eiso,2nd = 1.6 ×
1053 erg. In what follows we explain this second emis-
sion episode of GRB 970828 as a single canonical
GRB emission in the context of the Fireshell scenario.

In this model [46, 47], a GRB originates from an
optically thick e+e−-plasma created in the process
of vacuum polarization, during the process of grav-
itational collapse leading to a Kerr–Newman black
hole [48, 49]. The dynamics of this expanding plasma
is described by its total energy Ee+e−

tot , the baryon

load B = MBc2/Ee+e−
tot and the circumburst medium

(CBM) distribution around the burst site. The GRB
light curve emission is characterized by a first brief

emission, named the proper GRB or P-GRB, orig-
inating in the process of the transparency emission
of the e+e−-plasma, followed by a multi-wavelength
emission due to the collisions of the residual acceler-
ated baryons and leptons with the CBM. This latter
emission is assumed in a fully radiative regime. Such
a condition is introduced for mathematical simplicity
and in order to obtain a lower limit on the CBM
density. This condition establishes a necessary link
between the CBM inhomogeneities and filamentary
distribution [50] with the observed structures in the
γ and X-ray light curves in the prompt and early
afterglow phase. In the spherically symmetric ap-
proximation the interaction of the accelerated plasma
with the CBM can be described by the matter den-
sity distribution nCBM around the burst site and the
fireshell surface filling factor R = Aeff/Avis, which is
the ratio between the effective emitting area and the
total one [51]. The spectral energy distribution in the
comoving frame of the shell is well-described by a
“modified” thermal emission model [52], which differs
from a classical blackbody model by the presence of
a tail in the low-energy range.

In this context, to simulate the second episode of
GRB 970828, which is the actual GRB emission, we
need to identify the P-GRB signature in the early
second episode light curve. From the identification
of the P-GRB thermal signature, and the consequent
determination of the energy emitted at transparency,
we can obtain the value of the baryon load B as-
suming that the total energy of the e+e−-plasma is
given by the isotropic energy Eiso observed for the
second episode of GRB 970828, as it was done for
the second episode in GRB 090618, see e.g. [15].
We have then started to seek for a possible thermal
signature attributable to the P-GRB emission in the
early emission of the second episode. As it is shown
in Fig. 4, the early emission of the second episode
is characterized by an intense spike, anticipated by
a weak emission of 9 s. Our search for the P-GRB
emission is concentrated in this time interval, since
from the fireshell theory the expected energy of the P-
GRB emission, in case of long GRBs for which the
baryon load is in between 10−3−10−2, is of the order
of 10−2 of the prompt emission. The observed fluence
(10–1000 keV) in the P-GRB emission, computed
from the fit with the power-law function is Sobs =
(1.54 ± 0.10) × 10−6 erg/cm2, which corresponds to
an isotropic energy of the P-GRB of Eiso,PGRB =

1.46 × 1051 erg, which is quantitatively in agreement
with the energetic of the P-GRB for this GRB (it is
≈0.01% the total energy of the second episode, the
GRB). However, due to the paucity of photons in this
time interval, we are not able to put tight constraints,
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Fig. 4. Left panel: Light curve of the second episode in GRB 970828. The dashed region represents the P-GRB emission.
Right panel: The radial CBM density distribution for GRB 970828. The characteristic masses of each cloud are on the order
of ∼1022 g and 1015 cm in radii. The black line corresponds to the average value for the particle density.

e.g. about a possible observed temperature of the P-
GRB.

With these results, we can estimate the value of
the baryon load from the numerical solutions of the
fireshell equations of motion. These solutions for
four different values of the total e+e−-plasma energy
are shown in the Fig. 4 of [15]. We find that the
baryon load is B = 7 × 10−3, which corresponds to
a Lorentz gamma factor at transparency Γ = 142.5.
The GRB emission was simulated with very good
approximation by using a density mask character-
ized by an irregular behavior: all the spikes corre-
spond to spherical clouds with a large particle density
〈n〉 ∼ 103 part/cm3, and with radius of the order of
(4−8) × 1014 cm, see Fig. 4. Considering all the
clouds found in our analysis, the average density of
the CBM medium is 〈n〉 = 3.4 × 103 particles/cm3.
The corresponding masses of the blobs are of the
order of 1024 g, in agreement with the clumps found
in GRB 090618.

5. THE EPISODE 3: THE LATE X-RAY
AFTERGLOW

The most remarkable confirmation of the BdHN
paradigm applied to GRB 970828, comes from the
late X-ray afterglow emission. As shown in [18],
from the knowledge of the redshift of the source, we
can compute the X-ray luminosity light curve in the
common rest frame energy range 0.3−10 keV after
≈104 s from the initial GRB emission. However,
while in [18] the analysis is based on the available X-
ray data (0.3−10 keV) from the Swift-XRT detector,
GRB 970828 occurred in the pre-Swift era. Its obser-
vational X-ray data are available in the energy range

2−10 keV, since the data were collected by three dif-
ferent satellites: RXTE, ASCA and ROSAT. To further
confirm the progenitor mechanism for GRB 970828,
we verify the overlapping of the late X-ray data with
the ones of the “Golden Sample” (GS) sources pre-
sented in [18]. To this aim, we have computed its
luminosity light curve Lrf in a common rest-frame
energy range 0.3−10 keV. Since the observed energy
band is different (2−10 keV), the expression for the
flux light curve frf in the 0.3−10 keV rest-frame
energy range is not as expressed in Eq. (2) of [18], but
it becomes

frf = fobs

(
10

1+z

)2−γ
−

(
0.3
1+z

)2−γ

102−γ − 22−γ
, (15)

where γ is the photon index of the power-law spec-
tral energy distribution of the X-ray data. All the
other data transformations, reported in [18], remain
unchanged.

We made use in particular of the RXTE-PCA ob-
servations and ASCA data presented in [26]; the av-
eraged photon indexes are taken from the text, for
RXTE-PCA (γ ∼ 2), and from Table 1, for the ASCA
data, of the same paper. The last data-point by
ROSAT is taken from Fig. 7 in [1], with a correspond-
ing photon index ∼2; the error on the observed flux
is the 25% as indicated for the count rate [5]. We
show in Fig. 5 the late X-ray (0.3–10 keV) light
curve of GRB 970828 and we compare it with some
GRBs of the “Golden Sample” presented in [18]:
GRB 061007, GRB 080319B, GRB 090618, GRB
091127 and GRB 111228A. The perfect overlap with
the late X-ray light curves of BdHN sources confirms
the presence of a BdHN mechanism operating also in
GRB 970828.
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Fig. 5. Left panel: The late X-ray (0.3–10 keV) light curves of some GRBs presented in [18] and of GRB 970828 (black open
circles). The overlap of the light curve of GRB 970828 with the members of the BdHN class is clearly evident, confirming that
an Induced Gravitational Collapse (IGC) mechanism is operating also in GRB 970828 . Right panel: The light curve of the
SN associated with GRB 090618 (green data), the U- (blue line) and R-band (red line) light curve of SN 1998bw transposed
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line represents the limit given in the deep images by [1] and [7], respectively.

6. LIMITS ON THE EPISODE 4:
SN-RELATED OBSERVATIONS

The analysis of GRB 090618 [15] and GRB
101023 [16] represents an authentic “Rosetta Stone”
for the understanding of the GRB-SN phenomenon.
The presence of a supernova emission, observed ten
days after the burst in the cosmological rest-frame of
GRB 090618, was found to have the same luminosity
of SN 1998bw [53], the SN related to GRB 980425
and which is the prototype of SNe connected with
GRBs [54]. We have transposed the data of the
“bump” Rc-band light curve observed in the optical
afterglow of GRB 090618, associated to the presence
of an underlying supernova [53], to the redshift of
GRB 970828. This simple operation concerns only
the transformation of the observed flux, under the
assumption that the SN has the same intrinsic
luminosity. Moreover, we have also transposed the
U and R-band light curves of SN 1998bw [55],
which is the prototype of a supernova associated
to a GRB. From the K-correction transformation
formula, the U-band light curve, transposed at z =
0.9578, corresponds approximately to the observed
R-band light curve, so in principle we should consider
the U = 365 nm transposed light curve as the actual
one observed with the Rc = 647 nm optical filter.
These transposed light curves are shown in Fig. 5.
We conclude that the Supernova emission could have
been seen between 20 and 40 days after the GRB
trigger, neglecting any possible intrinsic extinction.
The optical observations were made up to 7 days from
the GRB trigger, reaching a limit of R ∼ 23.8 [7], and
subsequent deeper images after ∼60 days [1]. So

there are no observations in this time interval. It is
appropriate to notice that the R-band extinction value
should be large since the observed column density
from the X-ray observations of the GRB afterglow
is large as well [26]: the computed light curve for
the possible SN of GRB 970828 should be lowered
by more than 1 magnitude, leading to a SN bump
below the R = 25.2 limit, see Fig. 5. The presence of
very dense clouds of matter near the burst site might
have darkened both the supernova emission and the
GRB optical afterglow. Indeed we find the presence
of clouds in our simulation at the average distances
of ∼1015−1016 cm from the GRB progenitor, with
average density of 〈n〉 ≈ 103 part/cm3 and typical
dimensions of (4−8) × 1014 cm, see Fig. 4.

7. CONCLUSIONS

In conclusion, the recent progress in the observa-
tions of X and γ-ray emission, with satellites such as
Swift, Fermi, AGILE, Suzaku, Coronas-PHOTON,
the possibility of observing GRB afterglows with the
new generation of optical and radio telescopes, devel-
oped since 1997, and the theoretical understanding of
the BdHN paradigm, have allowed to revisit the data
of GRB 970828 and give a new conceptual under-
standing of the underlying astrophysical scenario.

We verify in this paper that GRB 970828 is a
member of the BdHN family. This new understand-
ing leads to a wealth of information on the different
emission episodes which are observed during an IGC
process. In Episode 1, we determine the evolution
of the thermal component and of the radius of the
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Table 2. Spectral analysis (25 keV–1.94 MeV) of the P-GRB emission in the second episode of GRB 970828

Spectral model γ β Ecutoff (keV) kT (keV) χ2/DOF

Power-law −1.18 ± 0.04 91.495/115

Cutoff PL −1.15 ± 0.08 2251 ± 1800 91.157/114

BB + PL −1.16 ± 0.06 69.6 ± 40.0 90.228/113

Band −0.96 ± 0.44 −1.23 ± 0.08 958.8 ± 800.0 90.439/113

blackbody emitter, given by Eq. (1), see Figs. 1, 2.
The onset of the SN is here observed for the first time
in an unprecedented circunstance: a SN exploding
in a close binary system with a companion NS. The
energetics are correspondingly much larger than the
one to be expected in an isolated SN, and presents
an high energy component likely associated to an
outflow process in the binary accreting system. In
Episode 2, the GRB, we give the details of the CBM
structure, see Fig. 4, of the simulation of the light
curve and the spectrum of the real GRB emission. We
have also shown in Table 2 the final results of the GRB
simulation, the total energy of the e+e− plasma, the
baryon load B, the temperature of the P-GRB kTth
and the Lorentz Gamma factor at transparency Γ, as
well the average value of the CBM density 〈nCBM 〉
and the density ratio of the clouds δn/n. In Episode
3, we have shown that the late afterglow emission
observed by ASCA and ROSAT, although limited to
few data points, when considered in the cosmolog-
ical rest-frame of the emitter, presents a success-
ful overlap with the standard luminosity behavior of
other members of the BdHN family [18], which is
the most striking confirmation that in GRB 970828
an IGC process is working. Finally, from this latter
analogy with the late X-ray afterglow decay of the
“Golden Sample” [18], and with the optical bump
observed in GRB 090618, see Fig. 5, associated to
a SN emission [53], we have given reasons why a SN

Table 3. Final results of the simulation of GRB 970828 in
the fireshell scenario

Parameter Value

Ee+e−
tot (1.60 ± 0.03) × 1053 erg

B (7.00 ± 0.55) × 10−3

Γ0 142.5 ± 57

kTth (7.4 ± 1.3) keV

EP−GRB,th (1.46 ± 0.43) × 1051 erg

〈n〉 3.4 × 103 part/cm3

δn/n 10 part/cm3

associated to GRB 970828 was not observable due
to the large interstellar local absorption, in agreement
with the large column density observed in the ASCA
X-ray data [26] and with the large value we have
inferred for the CBM density distribution, 〈nCBM 〉 ≈
103 particles/cm3.

The possibility to observe the energy distribution
from a GRB in a very wide energy range, thanks
to the new dedicated space missions, has allowed to
definitely confirm the presence of two separate emis-
sion episodes in GRBs associated to SNe. Future
planned missions, as the proposed Wide Field Mon-
itor detector on board the LOFT mission [56], will
allow to observe the thermal decay from these objects
down to kT = 0.5−1 keV. It is important to note the
possibility that the Large Area Detector, designed for
the LOFT mission, will be also able to observe the
afterglow emission from times larger than 104 s in the
rest-frame, allowing to check possible new BdHNe
by using the overlapping method described in [18, 57]
and consequently estimate the distance, wherever an
observed determination of the redshift is missing.
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Abstract—Binary systems constituted by a neutron star and a massive star are not rare in the universe. The
Induced Gravitational Gamma-ray Burst (IGC) paradigm interprets Gamma-ray bursts as the outcome of
a neutron star that collapses into a black hole due to the accretion of the ejecta coming from its companion
massive star that underwent a supernova event. GRB 130427A is one of the most luminous GRBs ever
observed, of which isotropic energy exceeds 1054 erg. And it is within one of the few GRBs obtained optical,
X-ray and GeV spectra simultaneously for hundreds of seconds, which provides an unique opportunity so
far to understand the multi-wavelength observation within the IGC paradigm, our data analysis found low
Lorentz factor blackbody emission in the Episode 3 and its X-ray light curve overlaps typical IGC Golden
Sample, which comply to the IGC mechanisms. We consider these findings as clues of GRB 130427A
belonging to the IGC GRBs. We predicted on GCN the emergence of a supernova on May 2, 2013, which
was later successfully detected on May 13, 2013.

DOI: 10.1134/S1063772915070148

1. INTRODUCTION: IGC PARADIGM

The Induced Gravitational Collapse (IGC) GRB
paradigm describes a naturally evolutional conse-
quence of a binary system composed by a massive
star and a neutron star, and includes four episodes
corresponding to (1) Neutron star collapses into a
black hole due to the accretion of the ejecta com-
ing from its companion massive star that under-
goes a supernova [1]. (2) The electron–positron
pairs generated from the dyadosphere ballistically ex-
pands and engulfs baryonic matter, later collides at
ultra-relativistic velocities with the ISM and fila-
ments, which gives origin to the GRB [2]. (3) The
starting of final steeper decay of the lightcurve, usu-
ally follows a plateau or a power-law with a constant
decay index [3]. (4) The emergence of supernova in

∗The text was submitted by the authors in English.
**E-mail: Ruffini@icra.it

Paper was presented at the international conference in honor
of Ya.B. Zeldovich 100th Anniversary “Subatomic Particles,
Nucleons, Atoms, Universe: Processes and Structure” held
in Minsk, Belarus, in March 10–14, 2014. Published by
the recommendation of the special Editors: S.Ya. Kilin,
R. Ruffini, and G.V. Vereshchagin.

optical band, normally nearly 10 days after the GRB
trigger in its rest frame.

2. PREDICTION

The IGC paradigm demands special characteris-
tics for the GRBs generated in the aforementioned
binary system, such as the thermal radiation from
accretion and supernova remnant, the overlapping
of late afterglow and so on [4, 5]. In [3] we list
some GRBs complying to the IGC paradigm, we
call these GRBs the golden sample. After the first
days’ observation of the GRB 130427A, we found
this new GRB exhibited similar features of the golden
sample, especially the overlapping of the late decay
with the golden sample, shown in Figure 1, which
makes us consider this new GRB as a member of the
IGC GRBs, immediately we send a letter to GCN
on May 2, 2013, predicting that a supernova would
appear in about 10 days [6]. Indeed, starting from
May 13, 2013, the telescopes GTC, VLT and HST
observed the signals of this supernova.

In this presentation, we will mainly discuss some
evidences making GRB 130427A belong to the IGC
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Fig. 1. An example of GRB 130427A overlaps two GBBs with different magnitude of isotropic energy from Golden Sample.
GRBs’ name, isotropic energy, and redshift are shown on the figure.

GRBs, specially the low Lorentz factor thermal ra-
diator, and the multi-wave length observation in the
Episode 3 of the GRB 130427A.

3. OBSERVATION AND DATA ANALYSIS

GRB 130427A was triggered by the Fermi-GBM
at 07:47:06.42 UT on April 27, 2013 [7]. And the
Swift Burst Alert Telescope (BAT) was triggered
51.1 s later. The Swift X-ray Telescope (XRT) and
the Swift Ultra Violet Optical Telescope (UVOT)
began observing 195 s and 181 s after the GBM
trigger respectively [8]. On the ground, the Gemini
North telescope at Hawaii [9], the Nordic Optical
Telescope (NOT) [10] and the VLT/X-shooter [11]
also took part in the observation and detected the
redshift z = 0.34.

GRB 130427A is one of the few GRBs which has
hundreds of seconds simultaneous data in the optical,
x-ray and GeV emission [12], especially precious is
its GeV emission, due to the long duration, high
intensity and containing the highest energy photon
(95.3 GeV) ever observed [13].

Following the standard procedure [14–16], we did
the data reduction of Fermi and Swift satellite, using
an unbinned likelihood method with Fermi Science

Tools v9r27p1 and NASA’s Heasoft 6.14 with relevant
calibration files. Data were obtained from Fermi Sci-
ence Support Center,1 and UKSSDC 2 light curve
and spectrum are shown in Figs. 2 and 4. For the
spectrum, we select 196–461 s because Swift XRT
started observation at 195 s (Maselli et al. 2013),
and the thermal component, which we are especially
interested in, gradually fades away after 461 s.

4. THERMAL RADIATION IN EPISODE 3

By analyzing the X-ray data from 195 s to 461 s,
we found that adding a blackbody component could
efficiently improve the fitting solely by a single power
law, the obtained blackbody temperature is in the
range of 0.3 keV to 0.5 keV, if the blackbody radia-
tion is isotropic, the radiation radius can be deduced
from about 7 × 1012 cm to 2.8 × 1013 cm, with the
expansion speed at 0.8c, c is the speed of light. By
analyzing the optical absorption lines of GRB asso-
ciated supernovae, normally the speed of supernovae
at about 10 days after the GRB trigger is around
0.1c, the classical supernova theory holds the opinion
that before the supernova appearing in optical band,

1 http://fermi.gsfc.nasa.gov
2 http://www.swift.ac.uk
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Fig. 2. The Multi-wavelength lightcurve of GRB 130427A. The GeV emission from Fermi LAT (red) and soft X-ray from Swift
XRT (blue) are deduced from the original data. NuStar [17] provides higher energy X-ray than Swift XRT. The optical R band
data comes from ground based telescopes [18]. The vertical dash line splits Episode 2 and Episode 3.

it undergoes a period of deceleration, from which we
legitimately infer that the blackbody with the speed of
0.8c in the GRB 130427A probably is the supernova
ejecta that IGC paradigm searches. For the GRB
130427A, or the broader IGC GRBs, the discovery
of the supernova ejecta obviously is a key clue for
predicting the emergence of supernova in the optical
band.

5. MULTI-WAVELENGTH ANALYSIS

In the IGC paradigm, we separate Episode 2 and
Episode 3 by the ending time of the prompt emission.
Figure 3 demonstrates the light curve of the first 2
episodes, and Fig. 2 shows the light curve of Episode
3. The very high energy (100 MeV−100 GeV) emis-
sion is quite dim in the first 10 s when gamma and X-
ray dominate the emission, then the very high energy
emission raises up coincidently with the gamma and
hard X-ray prompt emissions dropping down. There
is no soft X-ray observation during the first prompt
emission, Swift-XRT starts to observe soft X-ray
from 195 s, and the soft X-ray fluence is higher than
the γ-ray observed by Fermi-GBM. Soft X-ray may
have a flare between 100 s and 200 s, if it shares sim-
ilar evolution as hard X-ray observed by Swift-BAT.
In Fig. 2, clearly, the light curves of multi-wavelength
from optical, X-ray to GeV follow power law decay,

and share similar decaying slope after the bending
point around 400 s. We are currently attempting to
link the mechanism of the possible soft X-ray flare to
the thermal emission inside it, a direct and reasonable
explanation is the existence of an extra process.

In the Episode 3, light curves have similar slope,
but the spectra which extends 10 magnitudes of or-
ders, from optical to GeV emission, can not be fitted
by a single power law very well, instead the broken
power-law gives a better fitting, the X-ray part has
a photon index 1.6 ± 0.2, and the GeV part has a
softer photon index 1.9 ± 0.1, shown in Fig. 4. As far
as we know, this is the only relatively explicit multi-
wavelength spectrum including GeV emission lasts
for hundreds of seconds.

The IGC paradigm considers GeV emission origi-
nated from the interaction of neutron star and black
hole, and the gamma-ray is described by fireshell
model [2], the intensive X-ray and gamma-ray photos
block the GeV photons at the beginning of the GRB,
which could explain the behavior of GeV emission
in Fig. 2. Also in the IGC paradigm, the collision
between GRB outflow and supernova remnant is in-
evitable, which always happens around 100 s [19],
and consequently emits thermal photons at the radius
about 1012 cm, this collision may explain the flare and
the associated thermal component.

ASTRONOMY REPORTS Vol. 59 No. 7 2015



670 WANG et al.
 

10

 

–8

 

Time, s
10

 

1

 

LAT (100 MeV–100 GeV)

10

 

0

 

10

 

–7

 

Flux, erg s

 

–1
 

 cm

 

–2
 

GBM (10 keV–900 keV)

BAT (10 keV–50 keV)

XRT (0.3 keV–10 keV)

10

 

2

 

10

 

–6

 

10

 

–5

 

10

 

–4

 

10

 

–3

Fig. 3. Flux of first 700 s. Blue points are the Fermi-LAT high energy emission from 100 MeV till 100 GeV, grey dotted line
represents the Fermi-GBM, from 10 keV to 900 keV, green dashed line represents the photons detected by Swift BAT from
10 keV to 50 keV, and red solid line is the soft X-ray Swift-XRT detection, in the range of 0.3 keV to 10 keV. From this figure,
clearly the Fermi-LAT emission reaches highest fluence at about 20 s while the gamma-ray detected by Fermi-GBM releases
most of the energy within the first 10 s.

 

10

 

–9

 

Energy, keV
10

 

–1

 

LAT

10

 

–3

 

10

 

–7

 

Count rate, counts s

 

–1

 

 cm

 

–2

 

Swift UVOT

Swift XRT (unabsorbed)

Swift XRT (absorbed)

10

 

1

 

10

 

3

 

10

 

5

 

10

 

7

 

10

 

–5

 

10

 

–3

 

10

 

–1

 

10

 

1

Fig. 4. Spectrum of GRB 130427A between 195 s and 461 s: Swift UVOT (green), Swift XRT (blue), and Fermi LAT (red).

6. CONCLUSION

In conclusion, first of all, the Pisani relation of
the power-law overlapping [3], which is independent
of energy and observed in all the golden sample,

this energetic GRB 130427A unveils such typical
power-law behavior already exists at the early time as
t ∼ 100 s. Secondly, the thermal emission coming
from the GRB outflow and SN remnant collision in
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the early seconds of Episode 3 confirms the supernova
event. Finally the multi-wavelength behavior occurs
in optical, X-ray and GeV emissions conform to the
IGC paradigm.
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ABSTRACT

We show the existence of two families of short gamma-ray bursts (GRBs), both originating from the merger of
binary neutron stars (NSs): family-1 with E 10iso

52< erg, leading to a massive NS as the merged core, and family-
2 with E 10iso

52> erg, leading to a black hole (BH). Following the identification of the prototype GRB 090227B,
we present the details of a new example of family-2 short burst: GRB 140619B. From the spectral analysis of the
early ∼0.2 s, we infer an observed temperature kT (324 33)=  keV of the e e+ --plasma at transparency
(P-GRB), a theoretically derived redshift z 2.67 0.37=  , a total burst energy E (6.03 0.79) 10e e

tot 52=  ´+ - erg,
a rest-frame peak energy E 4.7p i, = MeV, and a baryon load B (5.52 0.73) 10 5=  ´ - . We also estimate the
corresponding emission of gravitational waves. Two additional examples of family-2 short bursts are identified:
GRB 081024B and GRB 090510, remarkable for its well determined cosmological distance. We show that marked
differences exist in the nature of the afterglows of these two families of short bursts: family-2 bursts, leading to BH
formation, consistently exhibit high energy emission following the proper-GRB emission; family-1 bursts, leading
to the formation of a massive NS, should never exhibit high energy emission. We also show that both the families
fulfill an Ep i, –Eiso relation with slope 0.59 0.07g =  and a normalization constant incompatible with the one for

long GRBs. The observed rate of such family-2 events is ( )2.1 100 1.4
2.8 4r = ´-

+ - Gpc−3 yr−1.

Key words: gamma-ray burst: general

1. INTRODUCTION

The phenomenological classification of gamma-ray bursts
(GRBs) based on their prompt emission observed T90 durations
defines “long” and “short” bursts which are, respectively,
longer or shorter than T 290 = s (Dezalay et al. 1992;
Klebesadel 1992, pp. 161–168; Kouveliotou et al. 1993; Tavani
1998). Short GRBs have been often indicated as originating
from binary neutron star (NS) mergers (see, e.g., Good-
man 1986; Paczynski 1986; Eichler et al. 1989; Narayan
et al. 1991; Meszaros & Rees 1997; Rosswog et al. 2003; Lee
et al. 2004; Berger 2014).

An ample literature exists of short GRBs with a measured
redshift, isotropic burst energy E 10iso

52< erg and rest-frame
spectral peak energy E 2p i, < MeV (see, e.g., Berger 2014 and
references therein). Thanks to extensive data provided by the
Swift-XRT instrument (Burrows et al. 2005), it is possible to
observe the long lasting X-ray afterglow of these short bursts to
identify their host galaxies and to compute their cosmological
redshifts. They have been observed in both early- and late-type
galaxies with older stellar population ages (see, e.g.,
Berger 2014 for details), and at systematically larger radial
offsets from their host galaxies than long GRBs (Sahu et al.
1997; van Paradijs et al. 1997; Bloom et al. 2006; Troja et al.
2008; Fong et al. 2010; Berger 2011; Kopač et al. 2012). None
of these afterglows appears to have the specific power law
signature in the X-ray luminosity when computed in the source
rest-frame, as found in some long GRBs (see, e.g., Ruffini
et al. 2014).

In the meantime, considerable progress has been obtained in
the theoretical understanding of the equilibrium configuration
of NSs, in their mass–radius relation (see Figure 2 in Section 2),
and especially in the theoretical determination of the value of
the NS critical mass for gravitational collapse Mcrit

NS (Rotondo
et al. 2011; Rueda et al. 2011; Belvedere et al. 2012). This has
led to a theoretical value M 2.67crit

NS = M (Belvedere
et al. 2012). Particularly relevant to this determination has
been the conceptual change of paradigm of imposing global
charge neutrality (Belvedere et al. 2012) instead of the
traditional local charge neutrality (LCN) still applied in the
current literature (see, e.g., Haensel et al. 2007 and references
therein).
Similarly, noteworthy progress has been achieved in the

determination of the masses of galactic binary pulsars. Of the
greatest relevance has been the direct observation of NS masses
larger than 2 M (see Antoniadis et al. 2013 and Section 2). In
the majority of the observed cases of binary NSs the sum of the
NS masses, M M1 2+ , is indeed smaller than Mcrit

NS and, given
the above determination of the NS critical mass, their
coalescence will never lead to a black hole (BH) formation
(see Figure 3 in Section 2). This of course offers a clear
challenge to the traditional assumption that all short GRBs
originate from BH formation (see, e.g., Berger 2014 and
references therein).
Motivated by the above considerations, we propose in this

article the existence of two families of short GRBs, both
originating from NS mergers: the difference between these two
families depends on whether the total mass of the merged core
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is smaller or larger than Mcrit
NS. We assume that family-

1 coincides with the above mentioned less energetic short
GRBs with E 10iso

52< erg and the coalescence of the merging
NSs leads to a massive NS as the merged core. We assume that
family-2 short bursts with E 10iso

52> erg originate from a
merger process leading to a BH as the merged core. The
presence of the BH allows us to address the GRB nature within
the fireshell model (Ruffini et al. 2001a, 2001b, 2001c) leading
to specific signatures in the luminosity, spectra and time
variability observed in two very different components: the
proper-GRB (P-GRB) and the prompt emission (see Section 3).
The prototype is GRB 090227B, which we already analyzed
within the fireshell model in Muccino et al. (2013). We also
assume that the BH gives rise to the short-lived (102 s in the
observer frame) and very energetic GeV emission which has
been found to be present in all these family-2 short GRBs,

when Fermi-LAT data are available. This article is mainly
dedicated to giving the theoretical predictions and the
observational diagnostics to support the above picture.
In Section 4 we recall the results obtained in the case of the

prototype of family-2 short GRBs: GRB 090227B (Muccino
et al. 2013). The analysis of its P-GRB emission led to a
particularly low value of the baryon load, B ∼ 10−5, as well as
to the prediction of the distance corresponding to a redshift
z = 1.61, and consequently to E 2.83 10e e

tot 53= ´+ - erg. From
the analysis of the spectrum and the light curve of the prompt
emission we inferred an average circumburst medium (CBM)
density n 10CBM

5á ñ ~ - cm−3 typical of galactic halos of GRB
host galaxies.
In Section 5 we summarize the observations of a second

example of such family-2 short bursts, GRB 140619B, and our
data analysis from 8 keV up to 100 GeV. We also point out the

Figure 1. Space–time diagram of family-2 short GRBs. The orbital separation between the two NSs decreases due to the emission of GWs, until the merging occurs
and a family-2 short GRB is emitted. Following the fireshell model (see Section 3): (A) vacuum polarization occurs while the event horizon is formed and a fireshell
of e e+ - plasma self-accelerates radially outwards; (B) the fireshell, after engulfing the baryons, keeps self-accelerating and reaches the transparency when the P-GRB
is emitted; (C) the accelerated baryons interact with the local CBM giving rise to the prompt emission. The remnant of the merger is a Kerr BH. The accretion of a
small (large) amount of orbiting matter onto the BH can lead to the short lived but very energetic 0.1–100 GeV emission observed in GRB 081024B, GRB 090510,
and GRB 140619B. The absence of such an emission in GRB 090227B is due to the absence of observations of Fermi-LAT.

2
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lack of any observed X-ray afterglow following the prompt
emission (Maselli & D’Avanzo 2014).

In Section 6 we address GRB 140619B within the fireshell
model and compare and contrast the results with those of the
prototype, GRB 090227B (Muccino et al. 2013). In Section 6.1,
from the fireshell equations of motion, we theoretically
estimate and predict the value of the redshift of the source,
z 2.67 0.37=  . Consequently, we derive the burst energy
E 10iso

52> erg and the value of the baryon load B ∼ 10−5. In
Section 6.2 we infer an average density of the CBM
n 10CBM

5á ñ ~ - cm−3 from fitting the prompt emission light
curve and spectra. This parameter is typical of the galactic halo
environment and further confirms a NS–NS merger as the
progenitor for GRB 140619B (see Section 6.3 and Figure 1).

In Section 7 we discuss the possibility for Advanced LIGO
to detect the emission of gravitational waves (GWs) from such
a binary NS progenitor. From the dynamics of the above
system, the total energy emitted in GW radiation corresponds
to E 7.42 10T

GW
52= ´ erg, computed during the entire inspiral

phase all the way up to the merger. This gives a signal below
the sensitivity of the Advanced LIGO interferometer.

In Section 8 we focus on the short-lived ( t 4D » s) but
significant 0.1–100 GeV emission (see Figure 1). We first
address the issue of whether this is a peculiarity of GRB
140619B, or whether the GeV emission can be considered to be
a common feature of all these family-2 short GRBs. We first
return to GRB 090227B to see how to explain the absence of
observations of the GeV emission from this source, and we find
a simple reason: GRB 090227B was outside the nominal LAT
field of view (FOV, see Ackermann et al. 2013, and Section 4).
We then turn our attention to another source, GRB 090510,
which presents many of the common features of the family-
2 short GRBs. Especially noteworthy is the presence of a high
energy GeV emission lasting 102~ s, much longer than the one
of GRB 140619B. The presence of an X-ray afterglow in GRB
090510 is fortunate and particularly important, though lacking
a scaling law behavior (Ruffini et al. 2014), since it has
allowed the optical identification of the source and the
determination of its distance and its cosmological redshift
z = 0.903. The corresponding isotropic energy and intrinsic
peak spectral energy are, respectively, E 10iso

52> erg and
E (7.89 0.76)p i, =  MeV, typical again of family-2 short
bursts. We then compare and contrast this high energy
emission and their corresponding X-ray emissions in the
family-2 short GRB 140619B and GRB 090510 with the
afterglow of the family-1 short GRBs (see Figure 13 and
Berger 2014).

In Section 9 we give an estimate for the rate of the family-
2 short GRBs.

In Section 10 we discuss the existence of the new Ep i, –Eiso

relation for all short GRBs introduced by Zhang et al. (2012)
and Calderone et al. (2015), with a power-law similar to the
one of the Amati relation (Amati et al. 2008) for long GRBs,
but with a different amplitude. Finally we draw our
conclusions.

2. MOTIVATION FROM GALACTIC BINARY
NS AND NS THEORY

Recent theoretical progress has been achieved in the
understanding of the NS equation of state and equilibrium
configuration and of the value of its critical mass Mcrit

NS. In
Rotondo et al. (2011) it has been shown to be impossible to

impose the LCN condition on a self-gravitating system of
degenerate neutrons, protons, and electrons in β-equilibrium
within the framework of relativistic quantum statistics and the
Einstein–Maxwell equations. The equations of equilibrium of
NSs, taking into account strong, weak, electromagnetic, and
gravitational interactions in general relativity and the equili-
brium conditions based on the Einstein–Maxwell–Thomas–
Fermi equations along with the constancy of the general
relativistic Fermi energies of particles, the “Klein potentials,”
throughout the configuration have been presented in Rueda
et al. (2011) and Belvedere et al. (2012), where a theoretical
estimate of M M2.67crit

NS »  has been obtained. The imple-
mentations of the above results by considering the equilibrium
configurations of slowly rotating NSs by using the Hartle
formalism has been presented in Belvedere et al. (2014a). Then
in Rueda et al. (2014) a detailed study was made of the
transition layer between the core and crust of NSs at the nuclear
saturation density, and its surface tension and Coulomb energy
have been calculated. A comprehensive summary of these
results for both static and uniformly rotating NSs is discussed
in Belvedere et al. (2014b). The absolute upper limit on the
angular momentum of a rotating NS fulfilling the above
microscopical conditions has been obtained in Cipolletta
et al. (2015).
A vast number of tests have been performed in fitting the

data of pulsars (Deneva et al. 2012; Lattimer 2012; Antoniadis
et al. 2013; Kramer 2014). In particular, the high value of the
recently measured mass of PSR J0348+0432, M=
(2.01 0.04) M (Antoniadis et al. 2013), favors stiff nuclear
equations of state, like the one adopted in Belvedere et al.
(2012) based on relativistic nuclear mean field theory á la
Boguta & Bodmer (1977), which leads to the above theoretical
estimate of Mcrit

NS (see also Figure 2). This value is supported by
the above observational constraints, and in any case, is well
below the absolute upper limit of M3.2  for a non-rotating NS
(Rhoades & Ruffini 1974).
If we turn to the binary NSs within our Galaxy (see Figure 3)

we notice that only in a subset of them is the total mass of the
components larger than Mcrit

NS and can lead to a BH in their
merging process.6

Given this general understanding, we have identified the
characteristic properties of family-2 short bursts, whose proto-
type was identified in GRB 090227B (Muccino et al. 2013).
Equally important has been the identification of the observed
characteristic features of family-1 short GRBs which will be
discussed in the following sections.

6 During the refereeing process, an approach by Fryer et al. (2015) based on a
combination of binary NS merger nuclear physics models and population
synthesis appeared. They infer that for a maximum nonrotating NS mass of
Mcrit

NS above 2.3–2.4 M, less than 4% of the NS mergers produces short GRBs
by gravitational collapse to a BH. Here we go one step further by indicating the
theoretical predictions characterizing short GRBs originating from the massive
NS formation (family-1) and the ones originating from BH formation (family-
2). We indicate: (a) the specific spectral features, (b) the presence of the GeV
emission originating from the BH, and (c) the fulfillment of the Ep i, –Eiso
relation (see Zhang et al. 2012; Calderone et al. 2015, and Section 10). The
paper by Fryer et al. (2015) was followed by Lawrence et al. (2015) where the
authors examine the value of Mcrit

NS for a family of equations of state and
concluded that a reasonable fraction of double NS mergers may produce neither
short GRBs nor BHs. Here we again go one step further by indicating that in
the case of a merged core with a mass smaller than Mcrit

NS leading to a massive
NS, a less energetic short GRB with a softer emission tail indeed occurs
(family-1 short bursts). We show also that these short GRBs fulfill the above
Ep i, –Eiso relation (see Section 10).
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The crucial role of Mcrit
NS has been also shown in the

corresponding analysis of long GRBs in distinguishing
between the two different families (Ruffini et al. 2015) in the
induced gravitational collapse paradigm (Izzo et al. 2012a;
Rueda & Ruffini 2012; Fryer et al. 2014).

3. THE FIRESHELL MODEL

It is well known that the majority of the astrophysical
community working on GRBs envisages the spectral and
temporal analysis of both short and long GRBs considering
their whole emission as a single event (see, e.g., Ackermann
et al. 2013). This picture follows the conceptual framework of
the “fireball model” (see, e.g., Sari et al. 1998; Piran 2005;
Meszaros 2006, and reference therein).

The “fireshell model” (Ruffini et al. 2001a, 2001b, 2001c)
has instead addressed a specific time-resolved spectral analysis
leading to distinct signatures and to the identification of
different astrophysical regimes within the same GRB (see, e.g.,
Izzo et al. 2010; Izzo et al. 2012b; Muccino et al. 2013; Ruffini
et al. 2013 and references therein). This has led to introduction

of the concept of binary mergers of NS–NS and of FeCO–NS
together with a set of new paradigms in order to describe the
complexity of GRB phenomena within a “Cosmic-Matrix”
approach (Ruffini 2015a).
In the fireshell model (Ruffini et al. 2001a, 2001b, 2001c)

GRBs originate from an optically thick e e+ - plasma (Damour
& Ruffini 1975; Ruffini & Xue 2008; Ruffini et al. 2010)
during the gravitational collapse to a BH. Such an e e+ - plasma
is confined to an expanding shell and reaches thermal
equilibrium almost instantaneously (Aksenov et al. 2007).
The annihilation of these pairs occurs gradually, while the
expanding shell, called the fireshell, self-accelerates up to ultra
relativistic velocities (Ruffini et al. 1999) and engulfs the
baryonic matter (of mass MB) left over in the process of
collapse. The baryon load thermalizes with the pairs due to the
large optical depth (Ruffini et al. 2000).
Assuming spherical symmetry of the system, the dynamics

in the optically thick phase is fully described by only two free
initial parameters: the total energy of the plasma Ee e

tot
+ - and the

baryon load B (Ruffini et al. 2000). Only solutions with
B 10 2-⩽ are characterized by regular relativistic expansion;
for B 10 2-⩾ turbulence and instabilities occur (Ruffini et al.
2000). The fireshell continues to self-accelerate until it reaches
the transparency condition and a first flash of thermal radiation,
the P-GRB, is emitted (Ruffini et al. 2001b). The radius rtr at
which the transparency occurs, the theoretical temperature
(blueshifted toward the observer kTblue), the Lorentz factor trG ,
as well as the amount of the energy emitted in the P-GRB are
functions of Ee e

tot
+ - and B (see, e.g., Ruffini et al. 2001b; Ruffini

et al. 2009, and Figure 4).
After transparency, the residual expanding plasma of leptons

and baryons collides with the CBM giving rise to multi-
wavelength emission: the prompt emission. Assuming the fully
radiative condition, the structures observed in the prompt
emission of a GRB are described by two quantities associated
with the environment: the CBM density profile nCBM, which
determines the temporal behavior of the light curve, and the
fireshell surface filling factor A Aeff vis= , in which Aeff is the
effective emitting area of the fireshell, and Avis is its total
visible area (Ruffini et al. 2002, 2005). This second parameter
takes into account the inhomogeneities in the CBM and its
filamentary structure (Ruffini et al. 2004).
The emission process of the collision between the baryons

and the CBM is described in the comoving frame of the shell as
a modified blackbody (BB) spectrum. This spectrum is
obtained by the introduction of an additional phenomenological
parameter α which characterizes the departure of the slope of
the low energy part of the comoving spectrum from the purely
thermal one (see Patricelli et al. 2012, for details). The
nonthermal spectral shape of the observed GRB is then
produced by the convolution of a very large number of
modified thermal spectra with different temperatures and
different Lorentz and Doppler factors. This convolution is
performed over the surfaces of constant arrival time for photons
at the detector (EQuiTemporal Surfaces, EQTS, Bianco &
Ruffini 2005a, 2005b), encompassing the total observation
time. The observed hard-to-soft spectral variation comes out
naturally from the decrease with time of the comoving
temperature and of the bulk Lorentz Γ factor. This effect is
amplified by the curvature effect due to the EQTS which
produces the observed time lag in the majority of the GRBs.

Figure 2. Mass–radius relation obtained with the local and the new global
neutrality equilibrium configurations, by applying the NL3 nuclear model.
Figure reproduced from Belvedere et al. (2012).

Figure 3. Plot of the binary NSs with known total masses (M M1 2+ , in solar
masses) and the corresponding uncertainties. The horizontal dashed line marks
the critical NS mass of 2.67 M (Belvedere et al. 2012). Systems beyond this
value lead to BH formation. Masses taken from Zhang et al. (2011) and
Antoniadis (2014).
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The canonical GRB light curve within the fireshell model is
then characterized by a first (mainly thermal) emission due to
the transparency of the e e+ --photon-baryon plasma, the
P-GRB. A multi-wavelength emission, the prompt emission,
follows due to the collisions between the accelerated baryons
and the CBM.

The fireshell model has originally described the process of
vacuum polarization due to the overcritical electromagnetic

field occurring at the moment of BH formation (Damour &
Ruffini 1975). The formalism has been developed by
considering a large number of relativistic quantum effects in
the electrodynamics proposed for the NS crust (Belvedere
et al. 2012, 2014a; Rueda et al. 2014), as well as on quantum-
electrodynamics processes ongoing in the gravitational collapse
(Han et al. 2012; Ruffini & Xue 2013). This has led to the
results summarized in Figure 4.
The first description of the e e+ - plasma within the fireshell

model was performed under the simplified assumption of
spherical symmetry (the dyadosphere; see, e.g., Preparata
et al. 1998). The corresponding structure in the axially
symmetric Kerr-Newman geometry has been considered (the
dyadotorus; see, e.g., Cherubini et al. 2009; Ruffini 2009) and
could possibly be tested.
The general formalism of the fireshell model can also be

applied to any optically thick e e+ - plasma in the presence of a
baryon load, like the one created during the merging of binary
NSs from ¯ e enn  + - (see, e.g., Salmonson & Wilson 2002
and references therein).
The P-GRB addresses the fully relativistic fundamental

physics aspects of the model, in particular the acceleration
process of the e e+ --baryon plasma, the collapsing NS quantum-
electrodynamics, and the BH physics. The prompt emission
addresses the conceptually simpler problem of the interaction
of the accelerated baryons with the CBM, which does not allow
nor require, by its own nature, a detailed description.

4. SUMMARY OF THE RESULTS FOR GRB 090227B:
THE PROTOTYPE OF THE FAMILY-2 SHORT GRBS

GRB 090227B is a bright short burst with an overall
emission lasting ∼0.9 s and total fluence of 3.79 10 5´ -

erg cm−2 in the energy range 8 keV–40MeV. This burst was
significantly detected only in the LAT Low Energy (LLE) data
since it was outside the nominal LAT FOV (Ackermann
et al. 2013). However, only one transient-class event with
energy above 100MeV has been associated with the GRB
(Ackermann et al. 2013).
The time-resolved spectral analysis on the time scale as short

as 16 ms, made possible by the Fermi-GBM (Meegan
et al. 2009), has allowed the identification of the P-GRB in
the early 96 ms of emission. The corresponding thermal
component has a temperature kT (517 28)=  keV (see the
upper plots of Figure 9 in Muccino et al. 2013). The subsequent
emission, fit by a Band function (see lower plots of Figure 9 in
Muccino et al. 2013), has been identified with the prompt
emission.
Due to the absence of an optical identification, a direct

measurement of the cosmological redshift was not possible.
From the temperature and flux of the P-GRB thermal
component it was possible to derive (see Figure 4) a theoretical
cosmological redshift z 1.61 0.14=  , as well as the baryon
load B (4.13 0.05) 10 5=  ´ - , the total plasma energy
E (2.83 0.15) 10e e

tot 53=  ´+ - erg, and the extremely high
Lorentz Γ factor at transparency (1.44 0.01) 10tr

4G =  ´
(see Section 4.1 in Muccino et al. 2013). Consequently, an
average CBM number density n (1.90 0.20)CBMá ñ =  1́0 5-

cm−3 has been determined which is typical of galactic halos
where NS–NS mergers migrate, owing to natal kicks imparted
to the binaries at birth (see, e.g., Narayan et al. 1992; Bloom
et al. 1999; Fryer et al. 1999; Belczynski et al. 2006;
Berger 2014).

Figure 4. Main quantities of the fireshell model at transparency for selected
values of E

e e
tot
+ -: the radius in the laboratory frame, the temperatures of the

plasma in the co-moving frame and blueshifted toward the observer, the
Lorentz Γ factor, and the fraction of energy radiated in the P-GRB and in the
prompt emission as functions of B.
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In Muccino et al. (2013) it was concluded that the progenitor
of GRB 090227B is a binary NS. For simplicity and as a lower
limit, the masses of the two NS have been assumed to be the
same, e.g., M M 1.341 2= = M, so that the total merged core
mass is Mcrit

NS> and therefore a BH is formed. This conclusion
was drawn in view of the large total energy,
E 2.83 10e e

tot 53= ´+ - erg. Correspondingly, the energy emitted
via GWs, 9.7 1052~ ´ erg, has been estimated in Oliveira
et al. (2014).

5. OBSERVATIONS AND DATA ANALYSIS
OF GRB 140619B

At 11:24:40.52 UT on 2014 June 19, the Fermi-GBM
detector (Connaughton et al. 2014) triggered and located the
short and hard burst GRB 140619B (trigger 424869883/
140619475). The on-ground calculated location, using the
GBM trigger data, was R.A.(J2000) 08 54h m= and decl.
(J2000) 3 42o= - ¢, with an uncertainty of 5o (statistical only).
The location of this burst was 32o from the LAT boresight at
the time of the trigger, and the data from the Fermi-LAT
showed a significant increase in the event rate (Kocevski
et al. 2014). The burst was also detected by Suzaku-WAM
(Iwakiri et al. 2014), showing a single pulse with a duration of
∼0.7 s (50 keV–5MeV). The analysis from 48.7 to 71.6 ks
after the GBM trigger by the Swift-XRT instrument in the FOV
of the Fermi-GBM and LAT, was completely in Photon
Counting mode (Maselli & D’Avanzo 2014). No bright X-ray
afterglow was detected within the LAT error circle. This set an
upper limit on the energy flux in the observed 0.3–10 keV
energy band of 9.24 10 14» ´ - erg/(cm2 s), assuming a photon
index 2.2g = . Therefore, no optical follow-up was possible
and thus the redshift of the source is unknown.

We have analyzed the Fermi-GBM and LAT data in the
energy range 8 keV–40MeV and 20MeV–100 GeV, respec-
tively. We have downloaded the GBM TTE (Time-Tagged
Events) files,7 suitable for short or highly structured events, and
analyzed them by using the RMFIT package.8 The LLE data9,
between 20–100MeV, and the high energy data10, between
100MeV–100 GeV, were analyzed by using the Fermi-science
tools.11 In Figure 5 we have reproduced the 64 ms binned GBM
light curves corresponding to detectors NaI-n6 (8–260 keV, top
panel) and BGO-b1 (260 keV–20MeV, second panel), the
64 ms binned LLE light curve (20–100MeV, third panel) and
the 192 ms binned high-energy channel light curve
(0.1–100 GeV, bottom panel). All the light curves are back-
ground subtracted. The NaI-n6 light curve shows a very weak
signal, almost at the background level, while the BGO-b1
signal is represented by a short hard pulse, possibly composed
by two sub-structures, with a total duration of T 0.790 » s. The
vertical dashed line in Figure 5 represents the on-set of both
LAT light curves, i.e., ∼0.2 s after the GBM trigger. In
principle, this allows us to determine the time interval within
which the P-GRB emission takes place.

We have subsequently performed the time-integrated and
time-resolved spectral analyses focused on the GBM data in the
energy range 8 keV–40MeV.

5.1. Time-integrated Spectral Analysis

We have performed a time-integrated spectral analysis in the
time interval from T 0.0640 - s to T 0.6400 + s, which
corresponds to the T90 duration of the burst. We have indicated
the trigger time by T0 and have considered the following
spectral models: Comptonization (Compt) and a Band function
(Band et al. 1993). The corresponding plots are shown in
Figure 6 and the results of the fits are listed in Table 1. From a
statistical point of view, the Compt model provides the best fit
to the data. In fact the Band function, which has an additional
parameter with respect to the Compt model, improves the fit by
only ΔC-STAT 2.53= , where ΔC-STAT is the difference
between the two C-STAT values of the Compt and Band
models. If we consider ΔC-STAT as a 2c variable for the
change in the number of the model parameters nD (in this case

n 1D = ), and assuming that the Compt model is nested within
the Band model,12 we conclude that the Band model improves
the fit only at the 89% significance level, and anyway less than
2 σ. Therefore it is not enough to reject the Compt model. The
most interesting feature of the Compt model consists of its low-
energy index, which is consistent with 0a ~ . We proceed now
to a time-resolved analysis to investigate the possibility that in
the early phases of the prompt emission the spectrum is
consistent with a BB spectrum, i.e., 1a » , which corresponds
to the signature of P-GRB emission.

5.2. Time-resolved Spectral Analysis

We performed the time-resolved spectral analysis by
selecting time intervals with fluences larger than
≈10−6 erg cm−2 in order to collect enough photons. Conse-
quently, we have selected two time intervals that correspond to
the main spike and the less intense structure (see the BGO-b1
light curve in Figure 6). The first time interval, from T0 to

Figure 5. Background subtracted light curves of GRB 140619B from various
detectors in various energy bands. From the top to the bottom panel: the 64 ms
binned light curves from the NaI-n6 (8–260 keV, top panel) and BGO-b1
(260 keV–20 MeV, second panel) detectors, the 64 ms binned LLE light curve
(20–100 MeV, third panel), and the 192 ms binned high-energy channel light
curve (100 MeV–100 GeV, bottom panel).

7 ftp://legacy.gsfc.nasa.gov/fermi/data/gbm/bursts
8 http://Fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/vc_rmfit_tutorial.pdf
9 http://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat_grbs/
10 http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
11 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/

12 The Compt model can be considered a particular case of the Band model
with b  -¥.
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T 0.1920 + s, is hereafter referred to as T1D , while the
subsequent emission, from T 0.1920 + s to T 0.6400 + s, is
designated by T2D .

In the T1D time interval, to identify the P-GRB, we have
performed a spectral analysis by considering the BB and
Compt spectral models. The spectra and the corresponding fits
are shown in Figure 7 and the best fit parameters are listed in
Table 1. As reported in Table 1, the Compt and the BB models
are both viable. However, the value of the low-energy index of
the Compt model in the T1D time interval, 0.26 0.32a =  , is
consistent within three σ with 1a = , which is the low energy
index of a BB. We conclude that the BB model is an acceptable
fit to the data and the best “physical model” of the T1D time
interval and therefore identify it with the P-GRB emission. The
corresponding observed temperature is kT (324 33)=  keV
(see Table 1).

We then performed a spectral analysis on the time interval
T2D to identify the prompt emission. We have again considered

the Compt and BB spectral models (see Figure 8 and Table 1).
By looking at Figure 8, it is immediately clear that the BB
model does not adequately fit the data at energies larger than
1MeV. Therefore the Compt model is favored. Its low-energy
index, 0.11 0.26a = -  , indicates that the spectral energy
distribution in the T2D time interval is broader than that of the
BB model. The Compt model is consistent with the spectral
model adopted in the fireshell model and described in Patricelli
et al. (2012) for the prompt emission.

In the next section we interpret the above data within the
fireshell theoretical framework.

6. APPLICATION OF THE FIRESHELL MODEL
TO GRB 140619B

After the P-GRB and the prompt emission identification, we
have followed the same analysis described in Muccino et al.
(2013) to determine the cosmological redshift, the baryon load
and all the other physical quantities characterizing the plasma
at the transparency point (see Figure 4). It is appropriate to
underline that a remarkable difference between the long and the
short GRBs is considered: the P-GRB emission in long GRBs
represents on average the 1%–5% of the overall emission (see,
e.g., the cases of GRB 970828, Ruffini et al. 2013, and GRB
090618, Izzo et al. 2012b), while in the cases of the short
GRBs 090227B and 140619B (see Section 6.1), the P-GRB
emissions represent ∼40% of the overall observed fluence.

6.1. Redshift Estimate in Fireshell Model

From the observed P-GRB and total fluences, respectively,
S F T T( )BB tot 1 1= D D and S F T T( )tot tot 90 90= (see values in
Table 1), we have estimated the ratio

E

E

d S z

d S z

S

S

4 (1 )

4 (1 )
(40.4 7.8)%, (1)l

l

P GRB

e e
tot

2
BB

2
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BB

tot

p
p

»
+

+
= = 
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‐

Figure 6. Combined NaI-n6, n9+BGO-b1 Fn n spectra of GRB 140619B in the T90 time interval. The fit using the Compt spectral model is shown on the left, while the
Band model fit is on the right.

Table 1
Summary of the Time-integrated (T90) and Time-resolved ( T1D and T2D ) Spectral Analyses

TD Model K (ph keV−1 cm−2 s−1) kT (keV) Ep (keV) α β Ftot (erg cm
−2 s−1) C-STAT/DOF

T90 Compt (7.7 1.1) 10 3 ´ - L 1456 ± 216 −0.09 ± 0.18 L (5.75 0.75) 10 6 ´ - 365.09 346
Band (7.8 1.3) 10 3 ´ - L 908 ± 199 −0.38 ± 0.37 −2.28 ± 0.31 (7.4 1.8) 10 6 ´ - 362.56 345

T1D Compt (6.3 2.0) 10 3 ´ - L 1601 ± 287 0.26 ± 0.32 L (9.4 1.6) 10 6 ´ - 318.92 346

BB (7.5 2.2) 10 8 ´ - 324 ± 33 L L L (8.5 1.2) 10 6 ´ - 323.86 347

T2D Compt (7.2 1.4) 10 3 ´ - L 1283 ± 297 −0.11 ± 0.26 L (4.38 0.89) 10 6 ´ - 391.65 346

BB (3.8 1.1) 10 7 ´ - 156 ± 15 L L L (2.33 0.28) 10 6 ´ - 392.23 347

Note. In each column are listed, respectively, the time interval TD , the adopted spectral model, the normalization constant K of the fitting function, the BB
temperature kT, the peak energy Ep, the low-energy α and high-energy β photon indexes, the total energy flux Ftot in the range 8 keV–40 MeV, and the value of the
C-STAT over the number of degrees of freedom (dof).

7

The Astrophysical Journal, 808:190 (14pp), 2015 August 1 Ruffini et al.



where the theoretically computed energy of the P-GRB,
EP GRB‐ , has been constrained by the observed thermal
emission, EBB, and we have imposed E Ee e

tot
isoº+ - . In

Equation (1) the luminosity distance dl and the redshift z of
the source do not enter into the final computation.

From the last diagram in Figure 4, it is clear that for the value
in Equation (1), we have different possible parameters (Ee e

tot
+ -,

B) and for each of them we can determine the corresponding
kTblue (see the top diagram in Figure 4). Finally, from the ratio
between kTblue and the observed P-GRB temperature kT, we
can estimate the redshift, i.e., kT kT z(1 )blue = + . To obtain
the correct value of z and then the right parameters
E z B z[ ( ), ( )]e e

tot
+ - , we have made use of the isotropic energy

formula

E d
S

z

E N E dE

E N E dE
4

(1 )

( )

( )
, (2)l

z

z

iso
2 tot 1 (1 )

10000 (1 )

8

40000

ò

ò
p=

+
+

+

in which N(E) is the photon spectrum of the burst and the
integrals are due to the K-correction on Stot (Schaefer 2007).
From the initial constraint E Eiso e e

totº + -, we have found

z 2.67 0.37=  , which leads to B (5.52 0.73) 10 5=  ´ -

and E (6.03 0.79) 10e e
tot 52=  ´+ - erg. All the quantities so

determined are summarized in Table 2. The analogy with the
prototypical source GRB 090227B, for which we have
E E(40.67 0.12)%P GRB e e

tot=  + -‐ and B (4.13 0.05)=  ´
10 5- , is very striking (Muccino et al. 2013).

We now proceed with the analysis of the subsequent
emission to derive the properties of the surrounding CBM.

6.2. Analysis of the Prompt Emission

Having determined the initial conditions for the fireshell, i.e.,
E 6.03 10e e

tot 52= ´+ - erg and B 5.52 10 5= ´ - , the dynamics
of the system is uniquely established. In particular, we obtain
the Lorentz factor at transparency, 1.08 10tr

4G = ´ , and we
can simulate the light curve and the spectrum of the prompt
emission. To reproduce the pulses observed especially in the
BGO-b1 light curve (see Figure 5) we have derived the radial
distributions of the CBM number density and of the filling
factor  around the burst site (see Table 3 and Figure 9). The
errors in the CBM number density and in  are defined as the
maximum possible variation of the parameters to guarantee
agreement between the simulated light curve and the observed
data. The final simulation of the BGO-b1 light curve (260 keV–
40MeV) is shown in Figure 10.

Figure 7. Same considerations as in Figure 6, in the T1D time interval, comparing Compt (left panel) and BB (right panel) models.

Figure 8. Same considerations as in Figure 6, in the T2D time interval, comparing Compt (left panel) and BB (right panel) models.
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Interestingly, the average CBM number density in GRB
140619B, n (4.7 1.2) 10CBM

5á ñ =  ´ - cm−3 (see Table 3), is
very similar to that of the prototype GRB 090227B,
n (1.90 0.20) 10CBM

5á ñ =  ´ - cm−3. In both the cases the
CBM densities are typical of the galactic halo environment.

We turn now to the spectrum of the prompt emission using
the spectral model described in Patricelli et al. (2012) with a
phenomenological parameter 1.11a = - . From fitting the light
curve in the energy range 260 keV–40MeV, we have extended
the simulation of the corresponding spectrum down to 8 keV to
check overall agreement with the observed data. The final
result is plotted in Figure 11, where the rebinned NaI-n6 and n9
and BGO-b1 data in the T2D time interval show their
agreement with the simulation; the lower panel in Figure 11
shows the residuals of the data around the fireshell simulated
spectrum.

The fireshell approach is different from the fireball one,
where the sharp luminosity variations observed in the prompt
emission are attributed to the prolonged and variable activity of
the “inner engine” (see, e.g., Rees & Meszaros 1994; Ramirez-
Ruiz & Fenimore 2000; Piran 2004).

In the fireshell model, the observed time variability of the
prompt emission is produced by the interaction of the
accelerated baryons of the fireshell with the CBM “clumps”
(see, e.g., Ruffini et al. 2002, 2006; Patricelli et al. 2012). The
issue of the time variability in GRB light curves has been long
debated. Zhang et al. (2006) and Nakar & Granot (2007)
indicated difficulties in producing short time variability from
CBM inhomogeneities. The opposite point of view has been
expressed by Dermer & Mitman (1999) and Dermer
(2006, 2008). In the fireshell model it has been shown that,
from the correct computation of the equations of motion of the
shell, of the EQTS, and of the Lorentz factor (Bianco &
Ruffini 2005a, 2005b, and Section 3), the short time scale
variability of GRB light curves occurs in regimes with the
larger values of the Lorentz factor, when the total visible area
of the emission region is very small and “dispersion” in arrival
time of the luminosity peaks is negligible. Therefore the short
time scale variability indeed can be produced by the CBM
inhomogeneities (see Section 3 in Patricelli et al. 2012). This
has been verified in the present case of GRB 140619B, where
the values of the Lorentz factor Γ and the total transversal size
of the fireshell visible area dv at the initial radius of the CBM
cloud are explicitly indicated in Table 3. These values of dv are
smaller than the thickness of the inhomogeneities ( r 1016D » –

1017 cm) and fully justify the adopted spherical symmetry
approximation (Ruffini et al. 2002, 2006; Patricelli et al. 2012).
Consequently, a finer description of each substructure in the
spikes observed in the light curve is not necessary and does not

change the substantial agreement of the model with the
observational data, which is provided by the average densities
and the filling factors in Table 3.

6.3. The Progenitor System

In analogy with the case of GRB 090227B (see, e.g.,
Muccino et al. 2013; Oliveira et al. 2014), we conclude that the
progenitor of GRB 140619B is a NS–NS merger. As a lower
limit, we have considered the simplest case by assuming two
NSs with the same mass MNS such that the total mass would be
larger than the NS critical mass Mcrit

NS, e.g., M M2 NS crit
NS . This

condition is clearly necessary for the formation of a BH and the
consequent application of the fireshell model. It is also
appropriate here to recall that only a subset of binary NSs
mergers can fulfill this stringent requirement (see Figure 3).
This will strongly affect the estimate of the rate of these family-
2 short GRBs, when compared with the usual expected binary
NS rate (see Section 9 and Conclusions).
Referring to the work of Belvedere et al. (2012) on

nonrotating NSs in the global charge neutrality treatment with
all the fundamental interactions taken into account properly,
we have considered two NSs with mass M 1.34NS = M =

M0.5 crit
NS and corresponding radius R = 12.24 km. As a working

hypothesis we assume that in the NS merger the crustal
material from both NSs contributes to the GRB baryon load,
while the NS cores collapse to a BH. For each NS the crustal
mass from the NL3 nuclear model is M 3.63 10c

5= ´ - M, so
the total NS merger crustal mass is M M2 7.26 10c c2

5= = ´ -

M. On the other hand, the baryonic mass engulfed by
the e e+ - plasma before transparency is M E B cB e e

tot 2= =+ -

(1.86 0.35) 10 6 ´ - M, so we can conclude that only a
small fraction of the crustal mass contributes to the baryon
load, namely M M(2.56 0.48)%B c2=  . This value is con-
sistent with the global charge neutrality condition adopted in
Belvedere et al. (2012). The usually adopted LCN condition
leads instead to a crustal mass M M0.2c

LCN ~  (see, e.g.,
Belvedere et al. 2012; Oliveira et al. 2014), which would be
inconsistent with the small value of the baryon load inferred
above.

7. ON THE GWS EMISSION AND THE DETECTABILITY
OR ABSENCE THEREOF

Following the previous work on GRB 090227B (Oliveira
et al. 2014), we now estimate the emission of GWs of the
binary NS progenitor of the short GRB 140619B using
the effective-one-body (EOB) formalism (Buonanno &
Damour 1999, 2000; Damour et al. 2000; Damour 2001;
Damour & Nagar 2010) and assess the detectability of the
emission by the Advanced LIGO interferometer.13 The EOB
formalism maps the conservative dynamics of a binary system
of nonspinning objects onto the geodesic dynamics of a single
body of reduced mass M M M1 2m = , with total binary mass
M M M1 2= + . The effective metric is a modified Schwarzs-
child metric with a rescaled radial coordinate, r c r GM( )2

12= ,
where r12 is the distance between the two stars. The binary
binding energy as a function of the orbital frequency Ω is given
by E Mc H( ) [ 1 2 ( ˆ 1) 1]b

2
effnW = + - - , where the effec-

tive Hamiltonian H A u p B uˆ ( ) ( )eff
2 2= + f depends on the radial

Table 2
The Results of the Simulation of GRB 090227B in the Fireshell Model

Fireshell Parameter Value

E
e e
tot
+ - (erg) (6.03 0.79) 1052 ´

B (5.52 0.73) 10 5 ´ -

trG (1.08 0.08) 104 ´
rtr(cm) (9.36 0.42) 1012 ´
kTblue (keV) (1.08 0.08) 103 ´
z 2.67 ± 0.37

nCBMá ñ (cm−3) (4.7 1.2) 10 5 ´ -

13 http://www.advancedligo.mit.edu
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potential A(u) of the variable u r1= and B u u A u( ) ( )2= ,
while the angular momentum for the circular orbit is given
by p A u u A u( ) [ ( )]2 2= - ¢ ¢f , where a prime stands for the
derivative with respect to u (see, e.g., Bini & Damour 2013 for
further details). In order to obtain the derivative of the effective
Hamiltonian Ĥeff as a function of Ω, we must use the chain rule
together with the relation u( )W = W following from the angular

Hamilton equation of motion in the circular case
GM u u H p MA u p u u HH( ) (1 ) ( ) ( ) ( ˆ )2

effW = ¶ ¶ =f f , where
G is the gravitational constant. Finally we obtain the rate of
orbital energy loss through emission of GWs from the related
derivative dE db W.
Using the well known matched filtering technique, we

compute the signal-to-noise ratio (S/N) from the Fourier
transform of the signal h t h F h F( ) = ++ + ´ ,́ where h ,+ ´ are
functions that depend on the direction and polarization of the
source and F ,+ ´ depend on the direction of the detector. By
making an rms average over all possible source directions and
wave polarizations, i.e., F F 1 52 2á ñ = á ñ =+ ´ , we obtain (see
Flanagan & Hughes 1998 for details)

( )
( )

df
h f

f S f
S N

5
, (3)

f

f

d
c d

d h d

2
2

2 2
min

max

òá ñ =

where Sh(f) is the strain noise spectral density (in units 1/ Hz )
of the interferometer. We have also introduced the character-
istic GW amplitude, hc, defined using the Fourier transform of
the GW form h(t), h f f h f( ) ˜( )c = ∣ ∣, and it is given by

h f
z

d

dE

df
z f( )

2(1 )
(1 ) , (4)c

L

b
d

2
2

2 2p
=

+ é
ë + ù

û

with z the cosmological redshift, f f z(1 )d = + the GW
frequency at the detector, f p= W the frequency in the source
frame, fmin the minimal bandwidth frequency of the detector,
and f f z(1 )cmax = + the maximal bandwidth frequency,

Table 3
The Density and Filling Factor Masks of GRB 140619B

Cloud Distance (cm) nCBM (cm−3)  Γ dv (cm)

1th 1.50 1015´ (1.2 0.2) 10 5 ´ - (2.8 0.3) 10 11 ´ - 1.08 104´ 2.76 1011´
2nd 1.20 1017´ (9.2 1.1) 10 6 ´ - L 2.07 103´ 1.16 1014´

3rd 1.70 1017´ (2.5 0.5) 10 4 ´ - (3.5 0.6) 10 10 ´ - 1.84 103´ 1.85 1014´

Note. In each column are listed, respectively, the CBM cloud, the corresponding initial radius away from the BH, the number density, the filling factor, the Lorentz
factor, and the total transversal size of the fireshell visible area.

Figure 9. Radial CBM number density distribution of GRB 140619B (black
line) and its range of validity (red shaded region).

Figure 10. BGO-b1 (260 keV–40 MeV) simulated light curve of the prompt
emission of GRB 140619B (solid red line). Each spike corresponds to the
CBM number density profile described in Table 2 and Figure 9. The blue
dotted–dashed vertical line marks the end of the P-GRB emission. The purple
long-dashed and the black dashed vertical lines indicate, respectively, the
starting and the ending times of the T90 time interval. Clearly visible outside of
this time interval is the background noise level. The continuation of the
simulation after T90 is due to the residual large angle emission of the EQTS
(Bianco & Ruffini 2005a, 2005b) due to the density profile indicated in
Table 3.

Figure 11. Top panel: comparison between the 8–900 keV data from the NaI-
n6 (purple squares) and n9 (blue diamonds) detectors, and the 260 keV–
40 MeV data from the BGO-b1 detector (green circles), and the simulation
within the firshell model (solid red curve) in the time interval T2D . Bottom
panel: the residuals of the above mentioned data with the simulation.
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where fc c p= W is the binary contact frequency and dL is the
luminosity distance. In Figure 12 we show the strain-noise
sensitivity of Advanced LIGO, Sh(f), and the characteristic
gravitational amplitude per square root frequency, h f f( )c d d ,
both plotted as functions of the frequency at the detector fd.

Following the above procedure we obtained for the short
GRB 140619B a very low value S N 0.21á ñ » compared to the
value S N 8= needed for an optimal positive detection. The
low value of the S/N is clearly due to the large cosmological
distance to the source, d 21» Gpc. Although the rms-averaged
S/N we have computed might improve by a factor ≈5/2 for an
optimally located and polarized source (e.g. F 12á ñ =+ and
F 02á ñ =´ ) with an optimal face-on orbit (cos 1i = ), in the
case of GRB 140619B it would increase only to a maximal
value S/N(opt) ≈0.5. From the dynamics of the system, we
also find that this binary emits a total energy of
E 7.42 10T

GW
52= ´ erg in gravitational radiation during the

entire inspiral phase all the way up to the merger.

8. CONSIDERATIONS ON THE GEV EMISSION
OF GRB 140619B

In addition to the analogies with GRB 090227B, GRB
140619B presents a novelty of special interest: a short-lived
emission (∼4 s) observed at energies 0.1 GeV. The light
curve of this emission shows a rising part which peaks at ∼2 s,
followed by a decaying tail emission lasting another ∼2 s in the
observer frame (see Figure 13(b)). Since GRB 140619B was in
the LAT FoV during the entire observational period, the
absence of emission after ∼4 s has been attributed to a cut-off
intrinsic to the source. We divided the overall emission into
four time intervals (see Figure 13(b)), each of them lasting 1 s.
The corresponding spectra are best fit by power-law models.
The total isotropic energy of the 0.1–100 GeV emission is
E (2.34 0.91) 10LAT

52=  ´ erg.
In complete analogy with the GeV emission emitted in the

binary-driven hypernovae (BdHNe), we attribute this high
energy radiation to the newly formed BH. This identification is
clearer here in view of the absence of a supernova (SN) and the

related constant power-law emission in X-rays, when measured
in the cosmological rest-frame of the BdHN (Ruffini et al.
2014, 2015; Ruffini 2015b).
The presence of this GeV emission is not a peculiarity of

GRB 140619B, but is a common feature of all these family-
2 short GRBs. In line with this, the apparent absence of the
GeV emission in GRB 090227B has already been discussed in
Section 5: it can be explained simply by the fact that this source
was outside the nominal LAT FoV. The significant detection in
the LLE channel and the presence of only one transient-class
event with energy above 100MeV associated with the GRB
(Ackermann et al. 2013) confirms that in optimal conditions
the GeV emission from GRB 090227B should have been
detected.
Now consider GRB 090510, which has the characteristics of

the family-2 short GRBs (E 10iso
52> erg and E 2p i, > MeV),

including the presence of a high energy GeV emission lasting
∼102 s. This high energy emission continues up to the signal
goes below the LAT threshold (Ackermann et al. 2013). The
new feature of GRB 090510, among the family-2 short GRBs,
is a well determined cosmological redshift inferred from the
optical observations. The corresponding distance indeed
coincides with the one theoretically predicted in the fireshell
binary merger model (M. Muccino et al. 2015, in preparation).
In Figure 13(a) we compare and contrast the afterglows of

the traditional low energetic short GRBs (see Berger 2014, for
a review) with those of the family-2 short GRB 140619B (see
Figure 13(b)) and GRB 090510 (see Figure 13(c)). In Figure 1
we show the evolution of the NS–NS merger generating a
family-2 short GRB. In this system the conservation laws for
total energy and the total angular momentum have to be
satisfied during and following the binary NS merger
(J. A. Rueda et al. 2015, in preparation). One of the most
important issues is the determination of the dimensionless
angular momentum c J GM( )2 of the newly born BH (where J
and M are, respectively, the BH spin angular momentum and
mass). These considerations have been applied to GRB 090510
(M. Muccino et al. 2015, in preparation).
Before closing, we call attention to GRB 081024B, which

we are currently addressing within the fireshell model
(Y. Aimuratov et al. 2015, in preparation), and which shows
all the typical features of the family-2 short GRBs, including a
distinctive GeV emission. In conclusion, we can safely assert
that all family-2 short GRBs, when the observational require-
ments are fulfilled, present a short-lived but very intense GeV
emission, which in our interpretation originates from the newly
formed BH.
In Table 4 we listed the redshift, Ep i, , Eiso, and the GeV

isotropic emission energy ELAT in the rest-frame energy band
0.1–100 GeV of the three family-2 short GRBs discussed here.
In computating Eiso we have inserted the energy computed in
the rest-frame energy band 1–10000 keV.

9. THE RATE OF FAMILY-2 SHORT GRBS

With the identification of three family-2 short GRBs, namely
GRB 090227B and GRB 140619B, with theoretically inferred
redshifts, and GRB 090510 with a measured redshift, all of
them detected by the Fermi satellite, we are now in a position
to give an estimate of the expected rate 0r of such events.
Following Soderberg et al. (2006) and Guetta & Della Valle
(2007), for these sources we have computed the 1 s peak
photon flux fp in the energy band 1–1000 keV, which is 16.98

Figure 12. Sensitivity curve of Advanced LIGO Sh(f) (dashed black curve) and
the characteristic gravitational amplitude h f f( )c d d (solid black curve) of the
binary NS progenitor of GRB 140619B, as a function of the frequency at the
detector fd. The EOB radial potential A(u) was calculated using values for the
coefficients in the 4th order post-Newtonian (PN) approximation and P5

1 is the
Padè approximant of order (1, 5).
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photons cm−2 s−1 for GRB 090227B, 9.10 photons cm−2 s−1 for
GRB 090510, and 4.97 photons cm−2 s−1 for GRB 140619B.
From the spectral parameters for each source, we have
computed fp for various redshifts until it coincided with the
corresponding threshold peak flux fT which is the limiting peak
photon flux allowing burst detection (see the analysis in
Band 2003 for details). In this way we have evaluated for
each source the maximum redshift zmax at which the burst
would have been detected and, then, the corresponding
maximum comoving volume Vmax. For GRB 140619B we

obtain f f 1.03p Tº = photons cm−2 s−1 at maximum redshift

z 5.49B140619
max = ; for GRB 090227B, which is the brightest one,

we find f f 1.68p Tº = photons cm−2 s−1 at a maximum

redshift z 5.78B090227
max = ; finally, for GRB 090510, we get

f f 1.96p Tº = photons cm−2 s−1 at a maximum redshift

z 2.25090510
max = . Correspondingly we have computed Vmax.
The empirical rate can be evaluated as

N

V T4
, (5)0

F
1

max F
r

p
=

æ
è
ççç
W ö

ø
÷÷÷

-

where N = 3 is the number of identified energetic NS–NS short
bursts, 9.6FW » sr is the average Fermi solid angle, and T = 6
years is the Fermi observational period. We infer a local rate of

( )2.6 100 1.9
4.1 4r = ´-

+ - Gpc−3 yr−1, where the attached errors
are determined from the 95% confidence level of the Poisson
statistic (Gehrels 1986). At z 0.9⩾ , the above inferred rate
provides an expected number of events N 4 3

6=> -
+ , which is

consistent with the above three observed events during the
Fermi observational period. Also at z 0.9⩽ our estimate
N 0.2 0.14

0.31=< -
+ is consistent with the absence of any family-

2 short GRB detection.
With the inclusion of GRB 081024B, with a theoretically

estimated redshift z 3> (more details will appear in
Y. Aimuratov et al. 2015, in preparation), the above rate
remains stable with smaller error bars, i.e., 0r =

( )2.1 101.4
2.8 4´-

+ - Gpc−3 yr−1. This inferred rate is different
from that of the long GRBs, recently estimated to
be 1.3L GRB 0.6

0.7r = -
+

‐ Gpc−3 yr−1 (Wanderman & Piran 2010),
and also from the estimates of the family-1 short
GRBs given in the literature (without a beaming correction

1shortr = –10 Gpc−3 yr−1; see e.g., Berger 2014 and Clark
et al. 2014).
Such a low rate can be explained based upon the existing

data of binary NSs within our Galaxy (see Section 2). From
Figure 3 we notice that only a subset of them has the sum of the
masses of the components larger than the critical NS mass and
can collapse to a BH in their merger process. Only this subset
can lead to a family-2 short GRB.

10. THE FAMILY-2 SHORT GRBS AND THE
Ep i, –EISO RELATION FOR SHORT GRBS

Now we discuss some general considerations for the new
Ep i, –Eiso relation for short GRBs (Zhang et al. 2012; Calderone
et al. 2015), with a power law similar to the one of the Amati

Figure 13. Top panel (a): the rebinned rest-frame 0.3–10 keV X-ray
luminosities of weak short GRBs leading to massive NSs; the corresponding
bursts, redshifts and energies are indicated in the legend. In their afterglows
there is no regular power-law behavior at late times and no nesting (Ruffini
et al. 2014). Middle panel (b): the short lived rest-frame 0.1–100 GeV isotropic
luminosity light curve (purple squares) and the rest-frame 0.3–10 keV upper
limit, as set from the analysis of GRB 140619B outlined in Section 3 (green
circle). Bottom panel (c): the long lived rest-frame 0.1–100 GeV (red squares)
and the rest-frame 0.3–10 keV (blue circles) isotropic luminosity light curves
of GRB 090510.

Table 4
The Redshift, the Rest-frame Peak Spectral Energy, the Isotropic Energy Eiso in
the Rest-frame Energy Band 1–10000 keV, and the GeV Isotropic Emission

energy ELAT in the Rest-frame Energy Band 0.1–100 GeV of the Four
family-2 Short GRBs Discussed Here

GRB z Ep i, Eiso ELAT

(MeV) (1052 erg) (1052 erg)

081024B >3.0 >8.2 >2.4 >2.7
090227B 1.61 ± 0.14 5.89 ± 0.30 28.3 ± 1.5 L
090510 0.903 ± 0.003 7.89 ± 0.76 3.95 ± 0.21 5.78 ± 0.60
140619B 2.67 ± 0.37 5.34 ± 0.79 6.03 ± 0.79 2.34 ± 0.91

Note. The values indicated for GRB 081024B will be Discussed in
Y. Aimuratov et al. (2015, in preparation).
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relation for long GRBs (Amati et al. 2008), but different
amplitude. This yet unexplained difference discourages the use
of the Amati relation as an astronometrical tool. All four
family-2 short GRBs satisfy this new Ep i, –Eiso relation (see the
quantities listed in Table 4). We call attention to the need to
investigate the physical reasons for the validity of this universal
Ep i, –Eiso relation, which appears to be satisfied by family-
1 short bursts, where the binary NS merger does not lead to BH
formation, and also the family-2 short bursts, where BHs are
formed and reveal their presence by giving rise to the short-
lived but significant GeV emission.

11. CONCLUSIONS

In this article we have predicted the occurrence of two
different kinds of short GRBs originating from binary NS
mergers, based on

(a) the analysis of GRB 090227B, the prototype of short
bursts originating from a binary NS leading to BH
formation (Muccino et al. 2013),

(b) the recent progress in the determination of the mass–radius
relation of NSs and the determination of their critical mass
M 2.67crit

NS » M (Rotondo et al. 2011; Rueda et al. 2011,
2014; Belvedere et al. 2012, 2014a, 2014b), and

(c) the recently measured mass of PSR J0348+0432,
M (2.01 0.04)=  M (Antoniadis et al. 2013), estab-
lishing an absolute lower limit on Mcrit

NS, and the
remarkable information gained from radio observations
of binary NS systems in our own Galaxy (Zhang et al.
2011; Antoniadis 2014).

The first kind of short GRBs, which we call family-1 , are the
most common ones with E 10iso

52< erg and rest-frame
spectral peak energy E 2p i, < MeV, originating from binary
NS mergers with merged core mass smaller than Mcrit

NS and
leading, therefore, to a massive NS, possibly with a companion.
We identify these family-1 short bursts with the ones
extensively quoted in literature (see, e.g., Berger 2014 for a
review).

The second kind of short GRBs, which we call family-2 , are
those with E 10iso

52> erg and harder spectra with E 2p i, >
MeV, originating from binary NS mergers with merged core
mass larger than Mcrit

NS. These family-2 short bursts satisfy the
necessary condition to form a BH, following the example of the
prototype GRB 090227B (Muccino et al. 2013).

The application of the fireshell model (Ruffini
et al. 2001a, 2001b, 2001c) to the family-2 short GRB
140619B analyzed here has allowed the determination of the
physical parameters of this source: the identification of the
P-GRB emission in the early ∼0.2 s of its light curve, the
theoretical cosmological redshift of z 2.67 0.37=  and
consequently the total burst energy E (6.03 0.79)e e

tot =  ´+ -

1052 erg, the baryon load B (5.52 0.73) 10 5=  ´ - , and a
Lorentz Γ factor at transparency (1.08 0.08) 10tr

4G =  ´ .
The analysis of the prompt emission has also led to the
determination of the CBM density, n (4.7 1.2)CBMá ñ =  ´
10 5- cm−3, typical of the galactic halo environment, where NS–
NS binaries migrate to, due to natal kicks imparted to them at
birth (see, e.g., Narayan et al. 1992; Bloom et al. 1999; Fryer
et al. 1999; Belczynski et al. 2006; Berger 2014), clearly
supporting the binary NS merger hypothesis of this source.
Unexpectedly, we have found the existence of a short-lived and

very intense GeV emission, just after the P-GRB occurrence
and during and after the prompt emission phase, which has led
us to conclude that this high energy emission originates from
the newly formed BH.
While this article was being refereed, we have discovered

three additional examples of these family-2 short bursts: GRB
081024B, GRB 090510, and GRB 090227B. These have given
evidence that all these family-2 short bursts indeed show the
existence of high energy emission, with the sole exception of
GRB 090227B, which at the time of the observation was
outside the nominal LAT FOV.
In summary we formulate some norms and theoretical

predictions.

(1) All family-1 short GRBs have an extended X-ray afterglow
(see, e.g., Figure 13(a) and Berger 2014). When computed
in the rest-frame 0.3–10 keV energy band they do not show
any specific power-law behavior (Pisani et al. 2013) or the
“nesting” properties (Ruffini et al. 2014) which have been
discovered in some long GRBs. We predict that family-
1 short GRBs, originating from a binary merger to a
massive NS, should never exhibit high energy emission.
The upper limit of 1052 erg can be simply understood in
terms of a merger leading to a massive NS.

(2) All family-2 short GRBs have been observed not to have
prominent X-ray or optical afterglows. They all have
short-lived but very energetic GeV emissions (see, e.g.,
Figures 13(b) and (c)), when LAT data are available. The
upper limit of 1054 erg can be also simply understood in
terms of a merger leading to BH formation.

(3) The high energy emission episode in family-2 short
GRBs always occurs at the end of the P-GRB emission,
during and after the prompt emission phase. This fact
uniquely links the high energy emission to the occurrence
of the newly born BH. The prompt emission phase
studied within the fireshell model has also allowed the
determination of a large number of essential astrophysical
parameters, both of the source (e.g., Ee e

tot
+ - and B) and of

the CBM (e.g., α, nCBM, and ).

It is interesting that the very simplified conditions encoun-
tered in the short GRBs in the absence of a SN event, which
characterize the long GRBs (Ruffini et al. 2015), have allowed
definite progress in understanding some fundamental GRB
properties, e.g., the correlation of high energy emission to the
BH formation. They can be adapted to the case of long GRBs.
The points summarized above go a long way toward reaching a
better understanding of family-1 and family-2 long GRBs
(Ruffini et al. 2015), as well as of the BdHNe (Ruffini
et al. 2014). We are confident that GRB 140619B is one of the
best examples of short GRBs obtained with the current space
technology. We sincerely hope that the results of our research
will lead to new missions with greater collecting area and time
resolution in X- and gamma-rays.
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We review the recent progress in understanding the nature of gamma-ray bursts (GRBs).
The occurrence of GRB is explained by the Induced Gravitational Collapse (IGC) in
FeCO Core–Neutron star binaries and Neutron star–Neutron star binary mergers, both
processes occur within binary system progenitors. Making use of this most unexpected
new paradigm, with the fundamental implications by the neutron star (NS) critical
mass, we find that different initial configurations of binary systems lead to different
GRB families with specific new physical predictions confirmed by observations.

Keywords: Black hole; supernova; gamma ray burst.

1. Introduction

Supernovae (SNe) have been known and studied for a long time, from 1054 A.D.

to the classic work of Baade and Zwicky in 1934,1–3 to the discovery of pulsar in

1967,4 leading the identification of the first NS in the Crab nebula originated from

the SN phenomenon. It has become clear that a NS has harbored for thousands of

years inside that SN remnant, and the main energetics of the SN is from the loss

of NS rotational energy.

Observations of GRBs date from the detection by the Vela satellites in the early

1970s, see e.g. in Ref. 5. Just after the announcement of GRBs, out of first principle,

we indicated in Ref. 6 that GRBs could originate in the process of gravitational

1545023-1
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collapse, leading to the birth of a black hole (BH), and we theoretically predicted

consequently have energetics of the order of 1054 (MBH/M�) erg, namely equivalent

to the release of ∼ M�c2 in few tens of seconds, here MBH is the mass of BH and

M� is the solar mass.

It has only been after the observations by the Beppo-Sax satellite and the optical

identification of GRBs that their enormous energetics, 103–104 times larger than

those of SNe, have been confirmed and they coincide the theoretical prediction

made on the ground of the BH mass-energy formula.6

From these premises, it was introduced the basic paradigm, see e.g. in Ref. 7

and the references there in, that the SN originated from the formation of a NS, and

a GRB originated from the formation of a BH. These two astrophysical systems

conceptually have consequently been assumed to be member of two conceptually

distinct families.

This situation has become even more intricate and interesting after the un-

expected observation of a temporal coincidence between the emission of a GRB and

a SN, see e.g. GRB 9804258 and SN 1998bw.9 The explanation of this coincidence

has gradually led from GRBs and SNe been traditionally considered as a single star

event to a much more rich and complex comic many-body interaction and therefore

to the introduction of a cosmic matrix: C-matrix. This totally unprecedented situa-

tion has led to the opening of a new understanding of a vast number of unknown

domains of physics and astrophysics.

1.1. Crab nebula Supernova as prove of the existence of

neutron star

Of all the objects in the sky, none has been richer than the Crab nebula in results

for physics, astronomy and astrophysics. Although a result of the 1054 A.D. SN

observed by Chinese, Japanese and Korean astronomers, the nebula itself was not

identified till 1731, and not associated with that SN until the last century, but it has

been of interest to astronomers, and later astrophysicists and theoretical physicists

ever since, even very recently, see e.g. the discovery by Agile of the giant flare

discovered in September 2010.10 It was only in 1968 that a rotational pulsar was

discovered at its center following the predicted existence of rapidly rotating NSs by

John Wheeler. This is a absolutely first for the field for astronomy and astrophysics:

in that decade hundreds of neutron stars observed as pulsars.

Independently from these successes, there still remains to explain an outstanding

physical process needed to model this object: the expulsion of the shell of the SN

remnant during the process of gravitational collapse to a NS. We are currently

gaining some understanding of the physical processes governing NSs, motivated

by the research on GRBs and BH formation which is being fully exploited to this

end at the present time. The understanding of BH formation and consequently of

the emission of GRBs is likely to lead, in this Faustian effort to learn the laws of

nature, to the understanding of the process of NS formation and the expulsion of

the remnant in the SN explosion.

1545023-2
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Fig. 1. Hubble Space Telescope photograph (2005) of the Crab Nebula.

Fig. 2. The sequence of black and white images on the right is separated by one millisecond
intervals, from which it is clear that the left star is a pulsar with a period of P = 33 milliseconds.
This period changes with a rate dP/dt of 12.5 microseconds per year. The fact that the loss of
rotational energy of a NS star with moment of inertia I is given by dE/dt ∝ −I(1/P 3)dP/dt
explains precisely the energetics of the pulsar and proves at once the existence of NSs.11

That NSs exist in nature has been proven by the direct observation of pulsars.

The year 1967 marked the discovery of the first pulsar, observed at radio wave-

lengths in November 28, 1967 by Jocelyn Bell Burnell and Antony Hewish.4 Just a

few months later, the pulsar NP0532 was found in the Crab Nebula (see Fig. 1) and

observed first at radio wavelengths and soon after at optical wavelengths (see Fig. 2).

The discovery of NSs led our small group working around John Wheeler in

Princeton (see Fig. 3), to go one step further and to direct our main attention to the

study or a even more extreme phenomenon: the continuous gravitational collapse

of a core with mass later than the critical NS mass introduced by Oppenheimer

1545023-3
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Fig. 3. Standing to the left T. Regge, sitting on the desk R. Ruffini and sitting on the chair J. A.
Wheeler.

and his students. This soon led to the celebrated articles “Introducing the Black

Hole” by J. A. Wheeler and R. Ruffini.12 The work in Princeton addressed the

topic of BHs, gravitational waves (GWs) and cosmology. A summary of that work

can be found in Ref. 13, where a vast number of topics considered for the first

time of relativistic astrophysics was reconsidered, including the cross-sections of

GW detectors, the possible sources of GWs and especially, an entirely new family

of phenomena occurring around BHs.

1.2. The BH mass-energy formula

A most important result in understanding the physics and astrophysics of BHs has

been the formulation of the BH mass-energy formula. From this formula, indeed,

it became clear that up to 50% of the mass-energy of a BH could be extracted by

using reversible transformations.14 It then followed that during the formation of a

BH, some of the most energetic processes in the universe could exist, releasing an

energy of the order of ∼ 1054 erg for a few solar masses BH.

1.3. VELA satellites and GRBs

In Ref. 15 I described how the observations of the Vela satellites were fundamental in

discovering GRBs, see Fig. 4. Initially it was difficult to model GRBs to understand

their nature since their distance from the earth was unknown, and their energetics

is consequently undefined. Thousands of models were presented, see e.g. in Ref. 16,

attempting to explain their nature which was a profound mystery. Just a few months

after the public announcement of their discovery,5 T. Damour, a collaborator at

1545023-4
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Fig. 4. The Vela satellites, see e.g. the I. Strong’s chapter in Ref. 5.

Fig. 5. The classic paper Ref. 6 by Damour and Ruffini on the extractable energy of a Kerr–
Newman BH through vacuum polarization.

Princeton, and I formulated a theoretical model based on the extractable energy of

a Kerr–Newmann BH through a vacuum polarization process as the origin of GRBs,

see Fig. 5. In our paper,6 we pointed out that vacuum polarization occurring in the

field of electromagnetic in Kerr–Newman BHs could release a vast e+e− plasma

which self-accelerates and gives origin to the GRB phenomenon. Energetics for

GRBs all the way up to ∼ 1055 ergs where theoretically predicted for a 10M� BH.

The dynamics of this e−e+ plasma was first studied by J. R. Wilson and myself

with the collaboration of S.-S. Xue and J. D. Salmonson.17,18
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2. Classification of Short and Long GRBs

The launching of the Compton satellite with the BATSE detectors on-board led to

important discoveries: the homogeneous distribution of GRBs in the universe and

the classification of short-duration GRB with T90 < 2 second and long-duration

GRB with T90 > 2 second, T90 means the duration containing 90% of total energy

in the observer’s frame.

The crucial contribution to understand the nature of GRBs came from the

Beppo-Sax satellite which led to a more precise definition of their positions in the

sky obtained using a wide field X-ray camera and a narrow field instrumentation.

This enabled the optical identification of GRBs and the determination of their

cosmological redshift, and consequently of their energetics, which turned out to be

up to ∼ 1055 erg, precisely the value predicted by Damour and Ruffini in Ref. 6.

Since that time no fewer than ten different X- and γ-ray observatory missions

and numerous observations at optical and radio wavelengths on the ground have

allowed us to reach unprecedented amount of high quality observational data and

consequently a deeper understanding of the nature of GRBs.

The observational classification based on T90 reflects the GRB’s central engine.

In the single core collapse model, the progenitor of long GRB is a massive star which

collapses to a black hole. The short GRB is due to the merger of two compact objects

(NS–NS or NS–black hole). In the IGC model of long GRBs, the progenitor is a

very special binary system. We will also show that both long and short GRBs have

two distinct binary progenitors, see Sec. 3.

Many previous articles, e.g. Refs. 19–21, simply plot the histograms of T90 using

the observed T90. Two Gaussian distributions depicting short and long GRBs are

obtained. We here plot our T90 histogram, shown in Fig. 6, with three improvements:

(1) If one wants to compare the physics of GRBs, observer’s frame cannot tell the

Fig. 6. T90 of GRBs with known redshift, blue frame contains short bursts with T90 < 2.
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real T90 duration since GRBs are cosmological events with different redshift, we

only consider those GRBs with known redshift and we transfer them to their rest

frame. Duration decreases in GRB’s rest frame, consequently more GRBs with

T90 < 2s; (2) satellites are limited when GRB’s flux is not adequate, it brings the

effect that for some distant GRBs, T90 only contains the brightest part of the prompt

emission, long GRBs are mis-classified as short ones, for example, GRB 090423, one

of the farthest observed GRB at z = 8.2, has been discussed in detail in Ref. 22;

(3) currently none of the satellite has a full energy coverage, each one observes a

different energy band, as a result, the T90 from these satellites are different, we

normalize T90 to the energy band of Swift -BAT, from 15 keV to ∼ 150 keV.

3. Induced Gravitational Collapse Model

In Refs. 23 and 24, we have introduced the IGC paradigm in order to explain the

astrophysical reasons for the conceptually unexpected association of GRBs with

SNe. This IGC paradigm indicates that all long GRBs, by norm, have to be asso-

ciated with a SN occuring in a binary system with a NS. The IGC paradigm differs

from the traditional single star core collapsar model. In the collapsar-fireball model

the GRB process is described by a single episode25–27 and references therein: (1) it

is assumed to originate in a “collapsar”;28 (2) the description of the late X-ray

emission is dominated by a single ultra-relativistic jetted emission,29–33 shown in

Fig. 7. There is a very fundamental different between the particle S-Matrix and

cosmic C-Matrix, the in-state and the out-state in S-Matrix is reversible, oppositely

the C-Matrix is not reversible. This is conceptually profound in the nature of general

relativity which is not invariant for time reversal.

Fig. 7. Demonstration of fireball model, the central engine, the burst, the afterglow and the ISM
(Figure is from Swift UK website).
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Fig. 8. Three different matrixes in the fundamental physics, first one is the quark matrix leading
to Higgs boson. In the middle is the classical electron-positron pair matrix, generating muon and
anti-muon pair. And the third matrix is the most recent one, which is considered in the present
work, see e.g. in Ref. 7.

In contrast, the IGC paradigm considers a multi-component system, similar to

the ones described by S-matrix in particle physics. For example, Fig. 8, the cosmic

matrix of long GRBs: (1) the “in-states” are represented by a binary system formed

by a FeCO core, very close to the onset of a SN event, and a tightly bound com-

panion NS.24,34,35 The “out-states” are the creation of a new NS (ν-NS) and a

black hole (BH). In the case of particle physics the S-matrix describes virtual phe-

nomena occurring on time scales of 10−26 s for qq̄ → WZH0 36 and 10−23 s for

e+e− → μ+μ−.37 In the astrophysical case, the cosmic matrix (C-matrix) describes

real event occurring on timescale ∼ 200 s, still a very short time when compared

to traditional astrophysical time scales. Following the accretion of the SN ejecta

onto the companion NS, a BH is created when the critical mass of a NS is reached,

giving origin to the GRB; (2) special attention is given to the analysis of the in-

stantaneous spectra in optical, X-ray, γ-ray and GeV energy range (as exemplified

in this article); (3) four different episodes are identifiable in the overall emission,

each with marked differences in the values of their Lorentz Γ factors.38 Actually

the possible relevance of a binary system in the explanation of GRBs was already

mentioned in a pioneering work of Refs. 39 and 40, but the binaries in their case

are triggers to the traditional collapsar model.

3.1. Families and episodes of GRBs

We here divide both long and short GRBs into two families respectively, namely

family-1 and family-2, by a simple but fundamental threshold Eiso ∼ 1052 erg. This

value corresponds to the minimal release of binding energy during the process that a

NS, in a binary system as the initial state of IGC scenario, accretes enough matter to

reach its critical mass and collapses to a black hole. This crucial result was obtained

during many discussions I had with J. A. Rueda and Y. Wang in the preparation

of the paper Ref. 41, such a distinction was first proposed for the long GRBs.
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3.1.1. Families of long GRBs

Continued observations of massive stars have demonstrated that most, if not all,

massive stars are iqn binary systems.42–44 A large fraction (50–75%) of these

systems are in tight binaries that interact during the evolution (e.g. mass trans-

fer, common envelope phase). The high binary fraction has led to a growing con-

sensus that most type Ib/Ic SN progenitors are produced in interacting binary

systems.45–49 Since the type of SNe associated to long-duration GRBs are of type

Ic,50 it is not surprising that binaries, often involving interactions of a massive star

with a compact companion, have been invoked to produce GRB-SNe to remove the

hydrogen envelope, spin up the star, or both.39,48,51–54 For the long GRBs, the IGC

model requires a tight binary (produced in a common envelope phase) between a

massive CO star (a star that has lost its hydrogen envelope and helium shell) and

a NS companion.34 Due to different configurations of binary system, especially the

separation between two stars, two families of long GRBs are produced depending

on whether or not a black hole formed.

The IGC paradigm is composed of four episodes, we delineate the family-2 long

GRBs (Eiso > 1052 erg, T90 > 2 s) which includes the most complete process, see

Fig. 9.

Episode 1 originates in a unstable FeCO core leading to a SN event and the

accretion onto the companion NS via the Bondi–Hoyle hypercritical accretion pro-

cess.55,56 At the end of this episode, as the NS reaches its critical mass, it collapses

to a BH.34 It has become evident that the energetics of episode 1 is markedly dif-

ferent from the one of an isolated FeCO core that undergoes a SN and it is very

sensitive to its binary nature and to the distance a between the SN and the NS:

the tighter the binary system, the more energetic is episode 1. In GRB 130427A,

a good prototype of such an extremely energetic emission occurs. The discovery of

episode 1 offers the possibility of probing some of the pioneering works on “hyper-

critical accretion” by Refs. 57–59 which can in principle be tested with the possible

observation of associated neutrino emission process.

In episode 2, along the direction of observer, a cavity is formed due to the

accretion. In the vicinity of a black hole, the quantum electro-dynamical process

occurring in the formation of the black hole leads to e+e− plasma which expands

to ultra-relativistic velocity, a part of the plasma passes the cavity and interacts

with the circumburst medium giving rise to a part of the prompt emission (see

Refs. 61, 62 and references therein). The continuous accretion from SN ejecta on

the newly formed black hole also contributes to the prompt emission. The physical

picture in this episode is fundamentally important, it connects episode 1 and affects

episodes 3, we propose an educative mimic as a simplification, the Chinese fortune

cookie, shown in Fig. 11, which I developed with Y. Wang and our group in many

conceptual discussions. The SN locates at the center, the cookie itself represents

the SN ejecta, and the companion NS, which later becomes a black hole, locates

inside the cavity that is carved by the effect of accretion onto the NS.
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Fig. 9. The initial configuration is composed of an evolved, likely FeCO stellar core and a com-
panion NS. (a) The core undergoes a SN and creates a new NS and its remnant; (b) beginning of
the accretion of SN ejecta onto the companion NS, emitting episode 1; (c) the new NS interacts
with mission from the episode 1; (d) accretion of the SN ejecta on the companion NS induces
he black hole formation and the emission of e+e− plasma fireshell; (e) transition point between
episode 2 and episode 3 which originates from the collision between the GRB ingoing to the SN
remnant and collides with the ejecta originating binary driven hypernova (BdHN); (f) the SN
optical signal peaks after tens of days.

Episode 3 is in our view mainly related to the SN ejecta. At this moment, we

assume a novel idea which is quite different from the traditional approach, relating

the so-called afterglow to the GRB phenomena, it is my opinion that the afterglow

which clearly follows the prompt emission of the GRB is actually originating not in

the GRB but is related to the SN ejecta. The SNe indeed are heated and accelerated

as the collision of a portion of the e+e− plasma does not escape form the cavity

indicated in Fig. 11. This concept can be visualized in the qualitative picture shown

in Fig. 9, we compare and contrast that two cases of the long and short GRBs, only
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Fig. 10. The initial configuration is composed of an evolved, likely FeCO stellar core and a
companion NS. (a) The core undergoes a SN and creates a new NS and its remnant; (b) beginning
of the accretion of SN ejecta onto the companion NS, emitting episode 1; (c) the new NS interacts
with mission from the episode 1, but the companion NS does not accrete enough matter to induce
a black hole formation, no episode 2; (d) the SN optical signal peaks after tens of days.

in the long GBBs, episode 3 starts with a steeper decay of the X-ray light curve,

in the 0.3–10 keV energy range, is followed by a plateau and then by a power-law

decay with a almost constant index −1.3 � α � −1.7. The overlapping of this

late power-law decay which is measured in the rest-frame of the source, originally

observed at times larger than 2×104 s,63 has been considered the qualifying test for

assuring the GRB to follow the IGC paradigm: a necessary and sufficient condition

for the appearance of a SN at a later time, after 10 days in cosmological rest frame.

The overlapping has also been used to probe the cosmological redshift of GRBs64

and has led to consider the episode 3 as a “cosmic distance indicator”.63 It is by

now clear that the energy of the episode 3 is a standard feature, which is largely

independent from the energy of the GRB.63
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Fig. 11. Left: The shape of IGC episode 2 is similar to the Chinese fortune cookie. Right: Two
dimensional simulation of the SN ejecta velocity field at 387.43 t0, t0 = 3.82 s, a is the initial
separation of two stars, the NS has been accreted to 3.15 solar masses.60

Episode 4 is related to the optical appearance of the SN. This observational fact

may very well be the consequence of a standard mass of the initial FeCO core.

Family 1 long GRB with Eiso < 1052 erg, see Fig. 10, initially has a similar

picture as the family-2 long GRB, a massive FeCO core collapse to a SN and the

companion star accretes its ejecta, the difference is the binary components are too

separated that the companion NS cannot accrete enough mass to form a black hole.

As the result, there is no episode 2, because the formation of e+e− plasma relies

on the BH, which absents in this family. Its episode 3 is simply an outcome of a

hyper-nova, different from family-2 which goes through the heating and acceleration

process, consequently, the nested and overlapped features do not appear in this

family, and its luminosity of late X-ray emission is generally lower than Family-2

long GRB. In episode 4, a type Ib/c SN appears in the optical band in 10−20 days

after the trigger of GRB, the same as Family-2. Most of energy of family-1 GRB is

in X-ray, we call family-1 long GRB as X-ray flash (XRF).

3.1.2. Families of short GRBs

Progress has been obtained in the theoretical understanding of the equilibrium

configuration of NSs, in their mass–radius relation, and especially in the theoret-

ical determination of the value of the NS critical mass for gravitational collapse

MNS
crit .65,66 This has led to a theoretical value MNS

crit = 2.67M�, for instance for

the NL3 equation of state.67 Particularly relevant to this determination has been

the conceptual change of paradigm of imposing global charge neutrality67 instead of

the traditional local charge neutrality still applied in the current literature, see, e.g.

Ref. 68 and references therein. Similarly, noteworthy progress has been achieved in

the determination of the masses of Galactic binary pulsars. Of the greatest rele-

vance has been the direct observation of NS masses larger than 2M�,69 pointing to
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a very stiff nuclear equation of state hence to a large value of the NS critical mass,

as pointed out above. In the majority of the observed cases of Galactic binary NSs,

the sum of the NS masses, M1 + M2, is indeed smaller than MNS
crit and, given the

above determination of the NS critical mass, their coalescence will never lead to

a BH formation. This of course offers a clear challenge to the traditional assump-

tion that all short GRBs originate from BH formation, see e.g., Refs. 70, 71 and

references therein.

Two families of short GRBs, both originating from NS mergers exist, and the

difference between these two families depends on whether the total mass of the

merged core is smaller or larger than MNS
crit . This point has been clarified in many

discussions with M. Muccino and J. A. Rueda and published in Ref. 71. The first

family corresponding to the above mentioned less energetic short GRBs with Eiso <

1052 erg, in which coalescence of the merging NSs leads to a massive NS as the

merged core. In view of their relatively low value energetics, and the attributes

of their hard X-ray spectra in the gamma-rays, we indicate them as short gamma

flashes (S-GRFs). Paradoxically all the short bursts published in Ref. 70 belong to

this class, and S-GRFs do not originate from the a process of the BH formation.

The second family of short bursts with Eiso > 1052 erg originate instead from a

merger process leading to a BH as the merged core, in view of the hardness of the

spectra and the high energetics of this class of short bursts, these sources deserve

the name of short GRBs (S-GRBs). It is appropriate to remind that both long

GRBs and short GRBs with Eiso > 1052 lead to a BH formation, and both of them

appear to have prominent GeV emission.

4. The IGC Paradigm for Long GRBs and Five Physical and

Astrophysical Processes

The IGC paradigm integrates many physical and astrophysical processes:

(1) The hypercritical accretion in episode 1.

(2) The GRB emission in episode 2 composed by the P-GRB and the prompt

emission, and possibly additional phase of hypercritical accretion.

(3) The overlapping and nesting of the late X-ray emission in episode 3. item The

GeV emission.

(4) The SN observations.

4.1. The Hypercritical accretion in episode 1

In episode 1 of IGC paradigm, the SN explosion and the GRB occur following a

precise time sequence as depicted in Fig. 9: explosion of the CO core → hypercriti-

cal accretion onto the NS → the critical mass is reached → gravitational collapse to

a BH is induced → emission of the GRB. In episode 2, a part of the ejecta can con-

tinue the accretion onto the black hole producing significant emission in the most

energetic GRBs. The theoretical framework and the first estimates of the hypercrit-

ical accretion onto the NS as a function of the nature of the binary parameters were
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Fig. 12. Induced gravitational collapse scenario.

first presented in Ref. 34, see Fig. 12. The first more realistic numerical simulations

of the IGC is performed by using more detailed SN explosions coupled to hyper-

critical accretion models from previous simulations of SN fallback in Refs. 59, 72,

73, and more recently Ref. 60 present the first estimates of the angular momentum

transported by the SN ejecta, and perform numerical simulations of the angular

momentum transfer to the NS during the hyper-accretion process in full general

relativity.

For a wide variety of X-ray binaries, see e.g. in Ref. 74, the Eddington limit

places a very fundamental role. In the present case of hypercritical accretion from

the SN ejecta onto the companion NS within the IGC scenario, the Eddington limit

plays no role since the photons are trapped in the flow. The trapping radius of

photons emitted diffuse outward at a slower velocity than infalling material flows

inward:75

rtrapping = min[(ṀBHLκ)/(4πc), rBHL] , (1)

where κ is the opacity (in cm2 g−1) and c is the speed of light. If the trapping radius

is larger or equal to the Bondi–Hoyle radius, the photons are trapped in the flow

and the Eddington limit does not apply. The inflowing material shocks as it piles up

onto the NS, producing an atmosphere on top of the NS, for details, see Refs. 57, 59,

75, 76. As the atmosphere compresses, it becomes sufficiently hot to emit neutrinos

which cool the infalling material, allowing it to be incorporated into the NS. For

details of the simulation of this process, we refer the reader to Refs. 59, 73, 77.
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As material piles onto the NS and the atmosphere radius, the accretion shock

moves outward. The accretion shock weakens as it moves out and the entropy

jump (derived from the shock jump conditions) becomes smaller. This creates an

atmosphere that is unstable to Rayleigh–Taylor convection. Simulations of these

accretion atmospheres show that these instabilities can accelerate above the escape

velocity driving outflows from the accreting NS with final velocities approaching

the speed of light, ejecting up to 25% of the accreting material.73,78

For the typical hypercritical accretion conditions of the ICG, the temperature

of the bubble when it begins to rise is Tbubble ∼ 5 MeV. If it rises adiabatically,

expanding in all dimensions, its temperature drops to 5 keV at a radius of 109 cm,

far too cool to observe. However, if it is ejected in a preferred direction due to the

presence of angular momentum, as simulated by Ref. 73, it may expand in the lateral

direction but not in the radial direction, so ρ ∝ r2 and T ∝ r−2/3. In this scenario,

the bubble outflow would have Tbubble ∼ 50 keV at 109 cm and Tbubble ∼ 15 keV at

6×109 cm. This could explain the temperature and size evolution of the blackbody

emitter observed in the episode 1 of several GRBs, see, e.g., in Refs. 63, 64, 79–81.

We are currently deepening our analysis of the possible explanation of the thermal

emission observed in episode 1 as due to the convective instabilities in the accretion

process.

GRB 090618, as a typical example, its episode 1 lasts from 0 to 50 s and the

episode 2 is from 50 s to 151 s after the trigger time, shown in Fig. 14. The blackbody

emission observed in episode 1 of GRB 09061879 evolves as T ∝ r−m with m =

0.75 ± 0.09, whose lower value is in striking agreement with the above simplified

theoretical estimate.79 The spectrum of episode 1 is shown in Fig. 13.

Fig. 13. Time-integrated spectra for the first episode (from 0 to 50 s) of GRB 090618 fitted
blackbody + power-law (right) models with temperature T = 32.07 ± 1.85 keV.
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4.2. The GRB emission in episode 2: P-GRB and the

prompt emission

According to the uniqueness theorem for stationary, the process of gravitational

collapse of a core whose mass is larger than the NS critical mass will generally

lead to a black hole. The creation of critical electric fields and consequent process

of pair creation by vacuum polarization are expected to occur in the late phases

of gravitational collapse when the gravitational energy of the collapsing core is

transformed into an electromagnetic energy and eventually in e+e− pairs. Episode 2

starts from such an optically thick e+e− plasma in thermal equilibrium, with a total

energy of Ee±
tot. We call the evolution of this plasma shell as the fireshell model.

This plasma is initially confined between the radius rh of a BH and the dyado-

sphere radius

rds = rh

[
2α

Ee+e−
tot

mec2

(
�/mec

rh

)3
]1/4

, (2)

where α is the usual fine structure constant, � the Planck constant, c the speed

of light, and me the mass of the electron. The lower limit of Ee±
tot is assumed to

coincide with the observed isotropic energy Eiso emitted in X-rays and gamma rays

alone in the GRB.

The rate equation for the e+e− pair plasma and its dynamics have been de-

scribed in Ref. 18. This plasma engulfs the baryonic material left over from the

process of gravitational collapse having a mass MB, still maintaining thermal equi-

librium between electrons, positrons, and baryons. The baryon load is measured by

the dimensionless parameter B = MBc2/Ee+e−
tot . Reference 77 showed that no rela-

tivistic expansion of the plasma exists for B > 10−2. The fireshell is still optically

thick and self-accelerates to ultra-relativistic velocities.82 Then the fireshell becomes

transparent and the P-GRB is emitted.83 The final Lorentz gamma factor at trans-

parency can vary over a wide range between 102 and 104 as a function of Ee+e−
tot

and B. For its final determination it is necessary to explicitly integrate the rate

equation for the e+e− annihilation process and evaluate, for a given BH mass and

a given e+e− plasma radius, at what point the transparency condition is reached.18

After transparency, along the direction pointing to the observer, the remaining

accelerated baryonic matter still expands ballistically and starts to slow down from

collisions with the CBM and filaments, producing a big amount of gamma-ray and

X-ray photons in the GRB prompt emission.

We adopted a pragmatic approach in our fireshell model by making full use of

the knowledge of the equations of motion, of the EQTS formulations,84 and of the

correct relativistic transformations between the comoving frame of the fireshell and

the observer frame. Figure 14 shows an example of our simulation, the light curve

of GRB 090618 in episode 2 starting form about 50 s.

As discussed in Subsec. 3.1.1 and shown in Fig. 11, that e+e− dyadosphere can

only be generated when the accretion reaches a critical mass, which means such
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Fig. 14. Simulated light curve of the episode 2 of GRB 090618, from 58 s to 150 s, in the energy
band 8–440 keV.
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Fig. 15. The relation of isotropic energy and peak energy. Blue points are short GRBs, red and
black points are long GRBs.

fireshell of plasma appears just in family-2 GRBs. As a result, the prompt emission

of family-2 GRBs is a combination of outcome from the fireshell and the accretion

onto black hole, while for the family-1 GRBs, solely accretion provides the energy.

From the theory and simulation of hypercritical accretion, we already know that

accretion generates X-ray photons with tens of keV, that photon’s energy could peak

at hundreds of keV, even some MeV since the accretion onto the newly formed BH,

not just a NS. More over, the presence of angular momentum jets high Lorentz

factor material, which generates high energy spectrum. In the observational aspect,

shown in Fig. 15, confirms our simulations.
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Fig. 16. (Color online) The X-ray luminosity light curves of the BdHNe members of the Golden
Sample: GRB 060729, z = 0.54 (pink diamonds); GRB 061007, z = 1.261 (black stars); GRB
080319B, z = 0.937 (blue crosses); GRB 090618, z = 0.54 (green circles); GRB 091127, z = 0.49
(red squares); GRB 111228, z = 0.713 (cyan triangles).63

4.3. The overlapping and nested of the late x-ray emission in

episode 3

The photons in episode 3 have two origins, one is the heated SN ejecta, which

contributes photons in the X-ray and lower energy, and the second is GeV photons

originated form the interaction of black hole with newly born NS from the SN and

the SN ejecta.72 This section we mainly focus on the X-ray emission from the SN

ejecta.

It has been shown that the X-ray rest-frame 0.3–10 keV luminosity light curves

present a constant decreasing power-law behavior, at times � 104 s, with a typical

value of the slope of −1.7 � αX � −1.3. This feature has been evidenced in a best

sample of six GRBs, namely GRB 060729, 061007, 080319B, 090618, 091127, and

111228, hereafter Golden Sample, see e.g. in Ref. 63 and Fig. 16, and has been used

also to infer the redshifts of GRBs 101023 and 110709B.80,85

In Fig. 17, we compare the rebinned rest-frame 0.3–10 keV luminosity light

curves of GRBs 130427A (purple), 060729 (pink) and 061121 (red). Their episode 3

emissions, are modeled by using the following phenomenological function of the

rest-frame arrival time ta,

L(ta) = Lp

(
ta
100

)αp

+ LX

(
1 +

ta
τ

)αX

, (3)

where Lp and αp are the steep decay luminosity (at ta = 100 s) and index, and LX ,

αX and τ , respectively, are the plateau luminosity, the late power-law decay index

and the characteristic time-scale of the end of the plateau.
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Fig. 17. (Color online) The rest-frame 0.3–10 keV re-binned luminosity light curves of GRB
130427A (purple diamonds), GRB 061121 (red circles) and GRB 060729 (pink squares). The light
curves are fitted by using a power-law for the steep decay phase (dashed lines) and the function
in Eq. (3) for the plateau and the late decay phases (dot-dashed curves).38

From this fitting procedure, we conclude that the IGC GRBs exampled in Fig. 17

share the following properties:

(a) the power-law decay, for the more energetic sources, starts directly from the

steep decay, well before the ta ≈ 2×104 s as indicated in Ref. 63. Consequently

the plateau shrinks for increasing Eiso (see Fig. 17);

(b) the luminosities in the power-law decay are uniquely functions of the cosmo-

logical rest-frame arrival time ta, independently on the Eiso of each source (see

Fig. 17);

(c) most remarkably, the overlapping of the X-ray light curves reveals a “nested”

structure of episodes 3.

In GRB 130427A, the precise power-law decay of episode 3 in the X-rays is also

observed in other wavelengths. In Fig. 18 are compared the data by the Fermi-LAT

(100 MeV–100 GeV, red), the Swift-XRT (0.3–10 keV, blue), the NuStar86 (3–

79 keV, orange) and the Swift-UVOT87 (optical R-band, green). Details are given

in Ref. 41.

4.4. The GeV emission

It has always been a challenging topic of explaining GeV photons since the launch

of Fermi satellite and the observation by Fermi-LAT. In the traditional collapse-

fireball model, GeV photons originate from the same plasma outflow as lower energy

ones, though the radiation mechanism participated varies. In the IGC paradigm,

as we described, photons from optical to gamma-ray have many different origins

in each on of the four episodes. The GeV photons instead have a different origin
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Fig. 18. (Color online) Multi-wavelength light curve of GRB 130427A from the data by the
Fermi-LAT (100 MeV–100 GeV, red circles with errors), the Swift-XRT (0.3–10 keV, blue circles),
the NuStar86 (3–79 keV, orange crosses) and the R-band optical from Swift-UVOT87 (green
triangles).41

from all the others: they originate from the interaction of newly born black hole

with the NS from the SN and the SN ejecta. The most significant factor for the

identification of being originating form the black hole is the observation that the

high GeV emission occurs after the emission of the P-GRB, which coincides with

the moment of the formation of the blackhole.60,72 In this sense, GeV photons only

exist in family-2 GRBs which possess a black hole, see Fig. 19 for family-2 long

GRBs.
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Fig. 19. GRBs with observed > 1 GeV photons, the horizontal redline indicates isotropic energy
equals to 1052 erg, GRBs above this line are belong to family-2.
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Fig. 20. Flux of first 700 s. Blue points are the Fermi-LAT high energy emission from 100 MeV
till 100 GeV,88 grey dotted line represents the Fermi-GBM, from 10 keV to 900 keV, green dashed
line represents the photons detected by Swift BAT from 10 keV to 50 keV, and red solid line is
the soft X-ray Swift-XRT detection, in the range of 0.3 KeV to 10 KeV. From this figure, clearly
the Fermi-LAT emission reaches highest fluence at about 20 s while the gamma-ray detected by
Fermi-GBM releases most of the energy within the first 10 s.41

GRB 130427A is one of the few GRBs with an observed adequate fluence in the

optical, X-ray and GeV bands simultaneously for hundreds of seconds. In particular

it remained continuously in the LAT field of view until 750 s after the trigger of

Fermi-GBM,88 which gives us the best opportunity so far to investigate different

energy bands together, especially for the GeV photons. The first 700 s light curve

is shown in Fig. 20, obviously, The GeV emission is quite dim in the first 10 s

when gamma- and X-ray dominate the emission, then the GeV emission raises up

coincidently with the gamma and hard X-ray prompt emissions dropping down,

the reason is at the beginning the intensive X-ray and gamma-ray photos block the

GeV photons which are produced in the center. Such phenomena are common in

many GRBs, shown in Fig. 21.

4.5. Supernova appearance

In the IGC, the occurrence of all the long GRBs require the explosion of SN.

Normally the confirmation of SN is by detecting its optical emission from the nuclear

decay of the ejecta at about 10 to 20 days after the GRB trigger. There are many
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Fig. 21. Light curves of Fermi-LAT emission (100 MeV to 100 GeV), figure is from the first
Fermi-LAT gamma-Ray burst catalog,89 complemented.

reasons obstruct the optical detection, for instance, Poor localizations of bursts,

contamination from host galaxy, and most important that GRB is a cosmological

event with high redshift, but due to metal absorption, photons below ∼ 400 nm

are especially difficult to be detected, essentially no optical flux from GRB-SNe at

z > 1.2.54 Table 1 from Ref. 90 contains all the 35 confirmed GRB-SN connections

updated to the 31 May 2014. Clearly, their isotropic energy vary many magnitudes

from 1048 erg till 1054 erg, containing both family-1 and family-2 GRBs.

We had a successful prediction of SN appearance for GRB 130427A/SN2013cq.

From the observations of the episode 3, GRB 130427A has been confirmed to fulfill

the IGC paradigm, and we conclude, solely on this ground, that a SN should neces-

sarily be observed under these circumstances. We sent the GCN circular 14526a91

on May 2, 2013 predicting that the optical R-band of a SN will reach its peak

magnitude in about 10 days in the cosmological rest-frame on the basis of the IGC

paradigm, and we encouraged the further observation. Indeed, starting from May

13, 2013, the telescopes GTC, Skynet and HST discovered the signals from the type

Ic SN SN 2013cq.92–96

aGCN 14526: The late X-ray observations of GRB 130427A by Swift-XRT clearly evidence a
pattern typical of a family of GRBs associated to SN following the IGC paradigm.34,63 We assume
that the luminosity of the possible SN associated to GRB 130427A would be the one of 1998bw,
as found in the IGC sample described in Ref. 63. Assuming the intergalactic absorption in the
I-band (which corresponds to the R-band rest-frame) and the intrinsic one, assuming a Milky Way
type for the host galaxy, we obtain a magnitude expected for the peak of the SN of I = 22–23
occurring 13–15 days after the GRB trigger, namely between the 10th and the 12th of May 2013.
Further optical and radio observations are encouraged.
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Table 1. The sample of the 35 confirmed GRB-SN connections updated to the 31 May 2014,
from Ref. 90.

GRB Eiso (erg) Discovered by z SN identification SN name

970228 1.86 × 1052 BATSE/SAX 0.695 bump

980326 5.60 × 1051 BATSE/SAX 1(?) bump

980425 6.38 × 1047 BATSE 0.0085 spec. SN1998bw

990712 7.80 × 1051 SAX 0.434 bump

991208 2.59 × 1053 SAX 0.706 bump

000911 7.80 × 1053 Konus-WIND 1.058 bump

010921 1.10 × 1052 HETE 0.45 bump

011121 9.90 × 1052 Ulysses 0.36 bump SN 2001ke

020305 0.7-4.6 × 1051 Ulysses 0.2-0.5 bump

020405 1.28 × 1053 Ulysses 0.695 bump

020410 2.20 × 1052 Konus-WIND ∼ 0.5 bump

021211 1.30 × 1052 HETE 1.006 spec. SN 2002lt

030329 1.70 × 1052 Konus-WIND 0.168 spec. SN 2003dh

030723 ¡ 1.60 × 1053 HETE < 1 bump

031203 9.99 × 1049 INTEGRAL 0.105 spec. SN 2003lw

040924 1.10 × 1052 HETE 0.86 bump

041006 3.50 × 1052 HETE 0.716 bump

050525A 3.39 × 1052 Konus-WIND 0.606 spec. SN 2005nc

060218 1.66 × 1049 Swift 0.033 spec. SN 2006aj

060729 1.60 × 1052 Swift 0.54 bump

070419 7.90 × 1051 Swift 0.97 bump

080319B 1.30 × 1054 Swift 0.937 bump

081007 2.50 × 1051 Swift 0.5295 bump SN2008hw

090618 2.90 × 1053 Fermi-GBM 0.54 bump

091127 1.60 × 1052 Fermi-GBM 0.49 bump SN 2009nz

100316D 9.81 × 1048 Swift 0.059 spec. SN 2010bh

101219B 4.39 × 1051 Fermi-GBM 0.55 spec. SN 2010ma

111228A 7.52 × 1052 Fermi-GBM 0.714 bump

120422A 1.28 × 1051 Swift 0.283 spec. SN 2012bz

120714B 4.51 × 1051 Swift 0.3984 spec. SN 2012eb

120729A 2.30 × 1052 Swift 0.80 bump

130215A 3.10 × 1052 Fermi-GBM 0.597 spec. SN 2013ez

130427A 9.57 × 1053 Fermi-GBM 0.3399 spec. SN 2013cq

130702A 7.80 × 1050 Fermi-GBM 0.145 spec. SN 2013dx

130831A 4.56 × 1051 Konus-WIND 0.4791 spec. SN 2013fu

5. Conclusions

The nature of GRBs is presenting itself as one of the richest diagnostics ever encoun-

tered within physics and astrophysics. It is clear that phenomena never before

explored in this domain can now be submitted to theoretical and observational

scrutiny. In analogy with the S-matrix of particle physics, for long GRBs a cosmic

matrix (C-matrix), in which the in-states are a NS and an evolved core undergoing
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Fig. 22. All GRBs are composited and originated from binary systems, they follow four different
routes of evolution. For long GRBs, the in-states are a NS and an evolved core undergoing a SN
explosion in a binary system, and the out-states are a BH and a newly-born NS.41 For short
GRBs, the in-states are two compact stars in a binary system, and the out-states is a BH or a
NS.38

a SN explosion in a binary system, and the out-states are a BH and a newly-born

NS. For short GRBs, the in-states are two compact stars in a binary system, and

the out-states is a BH or a NS. Fig. 22 shows that all GRBs are composited and

originated from binary systems, they follow four different routes of evolution. In

the induced gravitational collapse we have introduced, GRBs are classified to two

families depending on the formation of black hole. We discussed several physical

processes and phenomena in these families, namely the hypercritical accretion which

initials the occurrence of GRB, the formation of e−e+ plasma as the causation of

non-thermal emission in the prompt phase and the heating of SN ejecta, this heated

and accelerated SN ejecta afterwards lead to the observation of spikes in the X-ray

emission, as well as the overlapped and nested structures of late X-ray emissions.

We also discussed GeV photons have a unique origination of the interaction between

the black hole and newly born NS. And in the last section we show the connection

of GRB and SN, and our successful prediction of SN 2013cq associated to GRB

130427A.

The cosmic matrix is at the basis of this new physics and relativistic astro-

physics. Until now we have emphasized the action around the black hole, or the

absence of it. Much work is still ahead in covering all possible interactions between

the massive neutron star, the newly born neutron star, the supernova ejecta, and

the newly born black hole.
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