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1 Topics

• GRB classification in different families with different progenitor sys-
tems.

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

• 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, AGILE and MAGIC

• 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: the clumpiness of CBM

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

• 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.

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

• GRB light curves as composed of different episodes.

• “Cosmic Matrix” for GRBs.

• GRB X-Ray Flares and Gamma-Ray Flares.

• GRB afterglow theory consistent with the mildly relativistic velocities
inferred from the observations.

• Extended thermal emission components in GRBs.

• GRBs from merging white dwarfs.

• “Inner engine” of GRB emission.

• Quantized emission in GRBs.
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3 Selected publications before
2005

3.1 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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3 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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3.1 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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3 Selected publications before 2005

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
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3.1 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.

3.2 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-

146



3.2 Conference proceedings

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

147



3 Selected publications before 2005

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, Ed-
itors; 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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4 Publications (2005–2021)

4.1 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).
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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).

156



4.1 Refereed journals

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,
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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.

43. R. Ruffini, M. Muccino, Y. Aimuratov, C.L. Bianco, C. Cherubini, M.
Enderli, M. Kovacevic, R. Moradi, A.V. Penacchioni, G.B. Pisani, J.A.
Rueda, Y. Wang; “GRB 090510: A genuine short-GRB from a binary neu-
tron star coalescing into a Kerr-Newman black hole”; The Astrophysical
Journal, 831, 178 (2016).

In a new classification of merging binary neutron stars (NSs) we separate short
gamma-ray bursts (GRBs) in two sub-classes. The ones with Eiso ≲ 1052 erg
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coalesce to form a massive NS and are indicated as short gamma-ray flashes
(S-GRFs). The hardest, with Eiso ≳ 1052 erg, coalesce to form a black hole (BH)
and are indicated as genuine short-GRBs (S-GRBs). Within the fireshell model,
S-GRBs exhibit three different components: the P-GRB emission, observed at
the transparency of a self-accelerating baryon-e+e− plasma; the prompt emis-
sion, originating from the interaction of the accelerated baryons with the cir-
cumburst medium; the high-energy (GeV) emission, observed after the P-GRB
and indicating the formation of a BH. GRB 090510 gives the first evidence for
the formation of a Kerr BH or, possibly, a Kerr-Newman BH. Its P-GRB spec-
trum can be fitted by a convolution of thermal spectra whose origin can be
traced back to an axially symmetric dyadotorus. A large value of the angular
momentum of the newborn BH is consistent with the large energetics of this
S-GRB, which reach in the 1–10000 keV range Eiso = (3.95 ± 0.21)× 1052 erg
and in the 0.1–100 GeV range ELAT = (5.78 ± 0.60) × 1052 erg, the most en-
ergetic GeV emission ever observed in S-GRBs. The theoretical redshift zth =

0.75 ± 0.17 that we derive from the fireshell theory is consistent with the spec-
troscopic measurement z = 0.903 ± 0.003, showing the self-consistency of the
theoretical approach. All S-GRBs exhibit GeV emission, when inside the Fermi-
LAT field of view, unlike S-GRFs, which never evidence it. The GeV emission
appears to be the discriminant for the formation of a BH in GRBs, confirmed
by their observed overall energetics.

44. Ruffini, R.; Rueda, J. A.; Muccino, M.; Aimuratov, Y.; Becerra, L. M.;
Bianco, C. L.; Kovacevic, M.; Moradi, R.; Oliveira, F. G.; Pisani, G. B.;
Wang, Y.; On the classification of GRBs and their occurrence rates; The
Astrophysical Journal, 832, 136 (2016).

There is mounting evidence for the binary nature of the progenitors of gamma-
ray bursts (GRBs). For a long GRB, the induced gravitational collapse (IGC)
paradigm proposes as progenitor, or “in-state”, a tight binary system com-
posed of a carbon-oxygen core (COcore) undergoing a supernova (SN) explo-
sion which triggers hypercritical accretion onto a neutron star (NS) compan-
ion. For a short GRB, a NS-NS merger is traditionally adopted as the pro-
genitor. We divide long and short GRBs into two sub-classes, depending on
whether or not a black hole (BH) is formed in the merger or in the hypercriti-
cal accretion process exceeding the NS critical mass. For long bursts, when no
BH is formed we have the sub-class of X-ray flashes (XRFs), with isotropic en-
ergy Eiso ≲ 1052 erg and rest-frame spectral peak energy Ep,i ≲ 200 keV. When
a BH is formed we have the sub-class of binary-driven hypernovae (BdHNe),
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with Eiso ≳ 1052 erg and Ep,i ≳ 200 keV. In analogy, short bursts are simi-
larly divided into two sub-classes. When no BH is formed, short gamma-ray
flashes (S-GRFs) occur, with Eiso ≲ 1052 erg and Ep,i ≲ 2 MeV. When a BH
is formed, the authentic short GRBs (S-GRBs) occur, with Eiso ≳ 1052 erg and
Ep,i ≳ 2 MeV. We give examples and observational signatures of these four
sub-classes and their rate of occurrence. From their respective rates it is pos-
sible that “in-states” of S-GRFs and S-GRBs originate from the “out-states” of
XRFs. We indicate two additional progenitor systems: white dwarf-NS and
BH-NS. These systems have hybrid features between long and short bursts.
In the case of S-GRBs and BdHNe evidence is given of the coincidence of the
onset of the high energy GeV emission with the birth of a Kerr BH.

45. Becerra, L.; Bianco, C. L.; Fryer, C. L.; Rueda, J. A.; Ruffini, R.; On the
induced gravitational collapse scenario of gamma-ray bursts associated
with supernovae; The Astrophysical Journal, 833, 107 (2016).

Following the induced gravitational collapse (IGC) paradigm of gamma-ray
bursts (GRBs) associated with type Ib/c supernovae, we present numerical
simulations of the explosion of a carbon-oxygen (CO) core in a binary system
with a neutron-star (NS) companion. The supernova ejecta trigger a hypercrit-
ical accretion process onto the NS thanks to a copious neutrino emission and
the trapping of photons within the accretion flow. We show that temperatures
1–10 MeV develop near the NS surface, hence electron-positron annihilation
into neutrinos becomes the main cooling channel leading to accretion rates
10−9–10−1 M⊙ s−1 and neutrino luminosities 1043–1052 erg s−1 (the shorter the
orbital period the higher the accretion rate). We estimate the maximum orbital
period, Pmax, as a function of the NS initial mass, up to which the NS compan-
ion can reach by hypercritical accretion the critical mass for gravitational col-
lapse leading to black-hole (BH) formation. We then estimate the effects of the
accreting and orbiting NS companion onto a novel geometry of the supernova
ejecta density profile. We present the results of a 1.4 × 107 particle simulation
which show that the NS induces accentuated asymmetries in the ejecta density
around the orbital plane. We elaborate on the observables associated with the
above features of the IGC process. We apply this framework to specific GRBs:
we find that X-ray flashes (XRFs) and binary-driven hypernovae (BdHNe) are
produced in binaries with P > Pmax and P < Pmax, respectively. We analyze in
detail the case of XRF 060218.

46. Pisani, G. B.; Ruffini, R.; Aimuratov, Y.; Bianco, C. L.; Kovacevic, M.;
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Moradi, R.; Muccino, M.; Penacchioni, A. V.; Rueda, J. A.; Shakeri, S.;
Wang, Y.; On the universal late X-ray emission of binary-driven hyper-
novae and its possible collimation; The Astrophysical Journal, 833, 159
(2016).

It has been previously discovered a universal power-law behaviour of the late
X-ray emission (LXRE) of a “golden sample” (GS) of six long energetic GRBs,
when observed in the rest-frame of the source. This remarkable feature, inde-
pendent on the different isotropic energy (Eiso) of each GRB, has been used to
estimate the cosmological redshift of some long GRBs. This analysis is here
extended to a new class of 161 long GRBs, all with Eiso > 1052 erg. These GRBs
are indicated as binary-driven hypernovae (BdHNe) in view of their progen-
itors: a tight binary systems composed of a carbon-oxigen core (COcore) and
a neutron star (NS) undergoing an induced gravitational collapse (IGC) to a
black hole (BH) triggered by the COcore explosion as a supernova (SN). We
confirm the universal behaviour of the LXRE for the “enlarged sample” (ES) of
161 BdHNe observed up to the end of 2015, assuming a double-cone emitting
region. We obtain a distribution of half-opening angles peaking at θ = 17.62◦,
with mean value 30.05◦, and a standard deviation 19.65◦. This, in turn, leads
to the possible establishment of a new cosmological candle. Within the IGC
model, such universal LXRE behaviour is only indirectly related to the GRB
and originates from the SN ejecta, of a standard constant mass, being shocked
by the GRB emission. The fulfillment of the universal relation in the LXRE
and its independence of the prompt emission, further confirmed in this article,
establishes a crucial test for any viable GRB model.

47. Y. Aimuratov, R. Ruffini, M. Muccino, C.L. Bianco, A.V. Penacchioni,
G.B. Pisani, D. Primorac, J.A. Rueda, Y. Wang; GRB 081024B and GRB
140402A: Two Additional Short GRBs from Binary Neutron Star Merg-
ers; The Astrophysical Journal, 844, 83 (2017).

Theoretical and observational evidences have been recently gained for a two-
fold classification of short bursts: 1) short gamma-ray flashes (S-GRFs), with
isotropic energy Eiso < 1052 erg and no BH formation, and 2) the authen-
tic short gamma-ray bursts (S-GRBs), with isotropic energy Eiso > 1052 erg
evidencing a BH formation in the binary neutron star merging process. The
signature for the BH formation consists in the on-set of the high energy (0.1–
100 GeV) emission, coeval to the prompt emission, in all S-GRBs. No GeV
emission is expected nor observed in the S-GRFs. In this paper we present
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two additional S-GRBs, GRB 081024B and GRB 140402A, following the already
identified S-GRBs, i.e., GRB 090227B, GRB 090510 and GRB 140619B. We also
return on the absence of the GeV emission of the S-GRB 090227B, at an angle
of 71o from the Fermi-LAT boresight. All the correctly identified S-GRBs corre-
late to the high energy emission, implying no significant presence of beaming
in the GeV emission. The existence of a common power-law behavior in the
GeV luminosities, following the BH formation, when measured in the source
rest-frame, points to a commonality in the mass and spin of the newly-formed
BH in all S-GRBs.

48. J.A. Rueda, Y. Aimuratov, U. Barres de Almeida, L.M. Becerra, C.L.
Bianco, C. Cherubini, S. Filippi, M. Karlica, M. Kovacevic, J.D. Melon
Fuksman, R. Moradi, M. Muccino, A.V. Penacchioni, G.B. Pisani, D. Pri-
morac, R. Ruffini, N. Sahakyan, S. Shakeri, Y. Wang; The binary systems
associated with short and long gamma-ray bursts and their detectabil-
ity; International Journal of Modern Physics D, 26, 1730016 (2017).

Short and long-duration gamma-ray bursts (GRBs) have been recently sub-
classified into seven families according to the binary nature of their progen-
itors. For short GRBs, mergers of neutron star binaries (NS–NS) or neutron
star-black hole binaries (NS-BH) are proposed. For long GRBs, the induced
gravitational collapse (IGC) paradigm proposes a tight binary system com-
posed of a carbon–oxygen core (COcore) and a NS companion. The explosion
of the COcore as supernova (SN) triggers a hypercritical accretion process onto
the NS companion which might reach the critical mass for the gravitational
collapse to a BH. Thus, this process can lead either to a NS-BH or to NS–NS
depending on whether or not the accretion is sufficient to induce the collapse
of the NS into a BH. We shall discuss for the above compact object binaries:
(1) the role of the NS structure and the equation-of-state on their final fate; (2)
their occurrence rates as inferred from the X and gamma-ray observations; (3)
the expected number of detections of their gravitational wave (GW) emission
by the Advanced LIGO interferometer.

49. R. Ruffini, Y. Aimuratov, L.M. Becerra, C.L. Bianco, M. Karlica, M. Ko-
vacevic, J.D. Melon Fuksman, R. Moradi, M. Muccino, A.V. Penacchioni,
G.B. Pisani, D. Primorac, J.A. Rueda, S. Shakeri, G.V. Vereshchagin, Y.
Wang, S.-S. Xue; The cosmic matrix in the 50th anniversary of relativis-
tic astrophysics; International Journal of Modern Physics D, 26, 1730019
(2017).
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Our concept of induced gravitational collapse (IGC paradigm) starting from a
supernova occurring with a companion neutron star, has unlocked the under-
standing of seven different families of gamma ray bursts (GRBs), indicating a
path for the formation of black holes in the universe. An authentic laboratory
of relativistic astrophysics has been unveiled in which new paradigms have
been introduced in order to advance knowledge of the most energetic, distant
and complex systems in our universe. A novel cosmic matrix paradigm has
been introduced at a relativistic cosmic level, which parallels the concept of an
S-matrix introduced by Feynmann, Wheeler and Heisenberg in the quantum
world of microphysics. Here the “in” states are represented by a neutron star
and a supernova, while the “out” states, generated within less than a second,
are a new neutron star and a black hole. This novel field of research needs
very powerful technological observations in all wavelengths ranging from ra-
dio through optical, X-ray and gamma ray radiation all the way up to ultra-
high-energy cosmic rays.

50. R. Ruffini, Y. Wang, Y. Aimuratov, U. Barres de Almeida, L.M. Becerra,
C.L. Bianco, Y.C. Chen, M. Karlica, M. Kovacevic, L. Li, J.D. Melon
Fuksman, R. Moradi, M. Muccino, A.V. Penacchioni, G.B. Pisani, D. Pri-
morac, J.A. Rueda, S. Shakeri, G.V. Vereshchagin, S.-S. Xue; Early X-Ray
Flares in GRBs; The Astrophysical Journal, 852, 53 (2018).

We analyze the early X-ray flares in the GRB “flare-plateau-afterglow” (FPA)
phase observed by Swift-XRT. The FPA occurs only in one of the seven GRB
subclasses: the binary-driven hypernovae (BdHNe). This subclass consists of
long GRBs with a carbon-oxygen core and a neutron star (NS) binary compan-
ion as progenitors. The hypercritical accretion of the supernova (SN) ejecta
onto the NS can lead to the gravitational collapse of the NS into a black hole.
Consequently, one can observe a GRB emission with isotropic energy Eiso ≳
1052 erg, as well as the associated GeV emission and the FPA phase. Previ-
ous work had shown that gamma-ray spikes in the prompt emission occur at
∼ 1015–1017 cm with Lorentz gamma factor Γ ∼ 102–103. Using a novel data
analysis we show that the time of occurrence, duration, luminosity and total
energy of the X-ray flares correlate with Eiso. A crucial feature is the obser-
vation of thermal emission in the X-ray flares that we show occurs at radii
∼ 1012 cm with Γ ≲ 4. These model independent observations cannot be
explained by the “fireball” model, which postulates synchrotron and inverse
Compton radiation from a single ultra relativistic jetted emission extending
from the prompt to the late afterglow and GeV emission phases. We show that
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in BdHNe a collision between the GRB and the SN ejecta occurs at ≃ 1010 cm
reaching transparency at ∼ 1012 cm with Γ ≲ 4. The agreement between the
thermal emission observations and these theoretically derived values validates
our model and opens the possibility of testing each BdHN episode with the
corresponding Lorentz gamma factor.

51. R. Ruffini, J. Rodriguez, M. Muccino, J.A. Rueda, Y. Aimuratov, U. Bar-
res de Almeida, L.M. Becerra, C.L. Bianco, C. Cherubini, S. Filippi, D.
Gizzi, M. Kovacevic, R. Moradi, F.G. Oliveira, G.B. Pisani, Y. Wang; On
the Rate and on the Gravitational Wave Emission of Short and Long
GRBs; The Astrophysical Journal, 859, 30 (2018).

On the ground of the large number of gamma-ray bursts (GRBs) detected with
cosmological redshift, we classified GRBs in seven subclasses, all with binary
progenitors which emit gravitational waves (GWs). Each binary is composed
of combinations of carbon-oxygen cores (COcore), neutron stars (NSs), black
holes (BHs), and white dwarfs (WDs). The long bursts, traditionally assumed
to originate from a BH with an ultrarelativistic jetted emission, not emitting
GWs, have been subclassified as (I) X-ray flashes (XRFs), (II) binary-driven
hypernovae (BdHNe), and (III) BH-supernovae (BH-SNe). They are framed
within the induced gravitational collapse paradigm with a progenitor COcore-
NS/BH binary. The SN explosion of the COcore triggers an accretion process
onto the NS/BH. If the accretion does not lead the NS to its critical mass, an
XRF occurs, while when the BH is present or formed by accretion, a BdHN
occurs. When the binaries are not disrupted, XRFs lead to NS-NS and BdHNe
lead to NS-BH. The short bursts, originating in NS-NS, are subclassified as
(IV) short gamma-ray flashes (S-GRFs) and (V) short GRBs (S-GRBs), the lat-
ter when a BH is formed. There are (VI) ultrashort GRBs (U-GRBs) and (VII)
gamma-ray flashes (GRFs) formed in NS-BH and NS-WD, respectively. We
use the occurrence rate and GW emission of these subclasses to assess their de-
tectability by Advanced LIGO-Virgo, eLISA, and resonant bars. We discuss the
consequences of our results in view of the announcement of the LIGO/Virgo
Collaboration of the source GW 170817 as being originated by an NS-NS.

52. J.A. Rueda, R. Ruffini, Y. Wang, Y. Aimuratov, U. Barres de Almeida,
C.L. Bianco, Y.-C. Chen, R.V. Lobato, C. Maia, D. Primorac, R. Moradi, J.
Rodriguez; GRB 170817A-GW170817-AT 2017gfo and the observations
of NS-NS, NS-WD and WD-WD mergers; Journal of Cosmology and
Astroparticle Physics, 10, 006 (2018).
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The LIGO-Virgo Collaboration has announced the detection of GW170817 and
has associated it with GRB 170817A . These signals have been followed after
11 hours by the optical and infrared emission of AT 2017gfo. The origin of
this complex phenomenon has been attributed to a neutron star-neutron star
(NS-NS) merger. In order to probe this association we confront our current
understanding of the gravitational waves and associated electromagnetic ra-
diation with four observed GRBs originating in binaries composed of different
combinations NSs and white dwarfs (WDs). We consider 1) GRB 090510 the
prototype of NS-NS merger leading to a black hole (BH); 2) GRB 130603B the
prototype of a NS-NS merger leading to massive NS (MNS) with an associ-
ated kilonova; 3) GRB 060614 the prototype of a NS-WD merger leading to a
MNS with an associated kilonova candidate; 4) GRB 170817A the prototype
of a WD-WD merger leading to massive WD with an associated AT 2017gfo-
like emission. None of these systems support the above mentioned associa-
tion. The clear association between GRB 170817A and AT 2017gfo has led to
introduce a new model based on a new subfamily of GRBs originating from
WD-WD mergers. We show how this novel model is in agreement with the
exceptional observations in the optical, infrared, X- and gamma-rays of GRB
170817A-AT 2017gfo.

53. R. Ruffini, M. Karlica, N. Sahakyan, J.A. Rueda, Y. Wang, G.W. Math-
ews, C.L. Bianco, M. Muccino; A GRB Afterglow Model Consistent with
Hypernova Observations; The Astrophysical Journal, 869, 101 (2018).

We describe the afterglows of the long gamma-ray-burst (GRB) 130427A within
the context of a binary-driven hypernova. The afterglows originate from the
interaction between a newly born neutron star (νNS), created by an Ic super-
nova (SN), and a mildly relativistic ejecta of a hypernova (HN). Such an HN in
turn results from the impact of the GRB on the original SN Ic. The mildly rel-
ativistic expansion velocity of the afterglow (Γ ∼ 3) is determined, using our
model-independent approach, from the thermal emission between 196 and 461
s. The power law in the optical and X-ray bands of the afterglow is shown to
arise from the synchrotron emission of relativistic electrons in the expanding
magnetized HN ejecta. Two components contribute to the injected energy: the
kinetic energy of the mildly relativistic expanding HN and the rotational en-
ergy of the fast-rotating highly magnetized ?NS. We reproduce the afterglow
in all wavelengths from the optical (1014 Hz) to the X-ray band (1019 Hz) over
times from 604 s to 5.18 × 106 s relative to the Fermi-GBM trigger. Initially,
the emission is dominated by the loss of kinetic energy of the HN component.
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After 105 s the emission is dominated by the loss of rotational energy of the
νNS, for which we adopt an initial rotation period of 2 ms and a dipole plus
quadrupole magnetic field of ≲ 7 × 1012 G or ∼ 1014 G. This scenario with a
progenitor composed of a COcore and an NS companion differs from the tra-
ditional ultra-relativistic-jetted treatments of the afterglows originating from a
single black hole.

54. R. Ruffini, L.M. Becerra, C.L. Bianco, Y.-C. Chen, M. Karlica, M. Kovace-
vic, J.D. Melon Fuksman, R. Moradi, M. Muccino, G.B. Pisani, D. Pri-
morac, J.A. Rueda, G.V. Vereshchagin, Y. Wang, S.-S. Xue; On the ultra-
relativistic Prompt Emission (UPE), the Hard and Soft X-ray Flares, and
the extended thermal emission (ETE) in GRB 151027A; The Astrophys-
ical Journal, 869, 151 (2018).

We analyze GRB 151027A within the binary-driven hypernova approach, with
a progenitor of a carbon–oxygen core on the verge of a supernova (SN) explo-
sion and a binary companion neutron star (NS). The hypercritical accretion of
the SN ejecta onto the NS leads to its gravitational collapse into a black hole
(BH), to the emission of the gamma-ray burst (GRB), and to a copious e+e-
plasma. The impact of this e+e- plasma on the SN ejecta explains the early
soft X-ray flare observed in long GRBs. Here, we apply this approach to the
ultra-relativistic prompt emission (UPE) and to the hard X-ray flares. We use
GRB 151027A as a prototype. From the time-integrated and the time-resolved
analysis, we identify a double component in the UPE and confirm its ultra-
relativistic nature. We confirm the mildly relativistic nature of the soft X-ray
flare, of the hard X-ray flare, and of the extended thermal emission (ETE). We
show that the ETE identifies the transition from an SN to a hypernova (HN).
We then address the theoretical justification of these observations by integrat-
ing the hydrodynamical propagation equations of the e+e- into the SN ejecta,
with the latter independently obtained from 3D smoothed particle hydrody-
namics simulations. We conclude that the UPE, the hard X-ray flare, and the
soft X-ray flare do not form a causally connected sequence. Within our model,
they are the manifestation of the same physical process of the BH formation
as seen through different viewing angles, implied by the morphology and the
∼ 300 s rotation period of the HN ejecta.

55. R. Moradi, R. Ruffini, C.L. Bianco, Y.-C. Chen, M. Karlica, J.D. Melon
Fuksman, D. Primorac, J.A. Rueda, S. Shakeri, Y. Wang, S.-S. Xue; Rela-
tivistic Behavior and Equitemporal Surfaces in Ultra-Relativistic Prompt
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Emission Phase of Gamma-Ray Bursts; Astronomy Reports, 62, 905 (2018).

In this work we study a role of baryon load and interstellar medium density
to explain the nature of peaks in the ultra-relativistic prompt emission (UPE)
phase of Gamma-ray Bursts (GRBs). We study the behavior of their Γ Lorenz
factor fromthe moment of transparency all the way up to interstellar medium.
We finally study the characteristic of equitemporal surfaces in the UPE phase.

56. D. Primorac, M. Muccino, R. Moradi, Y. Wang, J.D. Melon Fuksman, R.
Ruffini, C.L. Bianco, J.A. Rueda; Structure of the Prompt Emission of
GRB 151027A Within the Fireshell Model; Astronomy Reports, 62, 933
(2018).

Long gamma-ray burst GRB 151027A was observed by all three detectors on-
board the Swift spacecraft, and many more, including MAXI, Konus-Wind
and Fermi GBM/LAT instruments. This revealed a complex structure of the
prompt and afterglow emission, consisting of a double-peak gammaray prompt
with a quiescent period and a HRF/SXF within the X-ray afterglow, together
with multiple BB components seen within the time-resolved spectral analysis.
These features, within the fireshell model, are interpreted as the manifestation
of the same physical process viewed at different angles with respect to the HN
ejecta. Here we present the time-resolved and time-integrated spectral analy-
sis used to determine the energy of the e-e+ plasma Etot and the baryon load B.
These quantities describe the dynamics of the fireshell up to the transparency
point. We proceed with the light-curve simulation from which CBM density
values and its inhomogeneities are deduced. We also investigate the properties
of GRB 140206A, whose prompt emission exhibits a similar structure.

57. Y. Wang, J.A. Rueda, R. Ruffini, C.L. Bianco, L.M. Becerra, L. Li, M.
Karlica; Two Predictions of Supernova: GRB 130427A/SN 2013cq and
GRB 180728A/SN 2018fip; The Astrophysical Journal, 874, 39 (2019).

On 2018 July 28, GRB 180728A triggered Swift satellites and, soon after the
determination of the redshift, we identified this source as a type II binary-
driven hypernova (BdHN II) in our model. Consequently, we predicted the
appearance time of its associated supernova (SN), which was later confirmed
as SN 2018fip. A BdHN II originates in a binary composed of a carbon-oxygen
core (COcore) undergoing SN, and the SN ejecta hypercritically accrete onto
a companion neutron star (NS). From the time of the SN shock breakout to
the time when the hypercritical accretion starts, we infer the binary separation
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≃ 3 × 1010 cm. The accretion explains the prompt emission of isotropic energy
≃ 3 × 1051 erg, lasting ∼ 10 s, and the accompanying observed blackbody
emission from a thermal convective instability bubble. The new neutron star
(νNS) originating from the SN powers the late afterglow from which a νNS ini-
tial spin of 2.5 ms is inferred. We compare GRB 180728A with GRB 130427A, a
type I binary-driven hypernova (BdHN I) with isotropic energy > 1054 erg. For
GRB 130427A we have inferred an initially closer binary separation of ≃ 1010

cm, implying a higher accretion rate leading to the collapse of the NS compan-
ion with consequent black hole formation, and a faster, 1 ms spinning νNS.
In both cases, the optical spectra of the SNe are similar, and not correlated to
the energy of the gamma-ray burst. We present three-dimensional smoothed-
particle-hydrodynamic simulations and visualisations of the BdHNe I and II.

58. J.A. Rueda, R. Ruffini, Y. Wang, C.L. Bianco, J.M. Blanco-Iglesias, M.
Karlica, P. Lorén-Aguilar, R. Moradi, N. Sahakyan; Electromagnetic emis-
sion of white dwarf binary mergers; Journal of Cosmology and As-
troparticle Physics, 03, 044 (2019).

It has been recently proposed that the ejected matter from white dwarf (WD)
binary mergers can produce transient, optical and infrared emission similar to
the “kilonovae” of neutron star (NS) binary mergers. To confirm this we cal-
culate the electromagnetic emission from WD-WD mergers and compare with
kilonova observations. We simulate WD-WD mergers leading to a massive,
fast rotating, highly magnetized WD with an adapted version of the smoothed-
particle-hydrodynamics (SPH) code Phantom. We thus obtain initial condi-
tions for the ejecta such as escape velocity, mass and initial position and dis-
tribution. The subsequent thermal and dynamical evolution of the ejecta is
obtained by integrating the energy-conservation equation accounting for ex-
pansion cooling and a heating source given by the fallback accretion onto the
newly-formed WD and its magneto-dipole radiation. We show that magneto-
spheric processes in the merger can lead to a prompt, short gamma-ray emis-
sion of up to ≈ 1046 erg in a timescale of 0.1–1 s. The bulk of the ejecta initially
expands non-relativistically with velocity 0.01 c and then it accelerates to 0.1 c
due to the injection of fallback accretion energy. The ejecta become transpar-
ent at optical wavelengths around ∼ 7 days post-merger with a luminosity
1041–1042 erg s−1. The X-ray emission from the fallback accretion becomes vis-
ible around ∼ 150–200 day post-merger with a luminosity of 1039 erg s−1. We
also predict the post-merger time at which the central WD should appear as a
pulsar depending on the value of the magnetic field and rotation period.
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59. J.A. Rueda, R. Ruffini, Y. Wang; Induced Gravitational Collapse, Binary-
Driven Hypernovae, Long Gramma-ray Bursts and Their Connection
with Short Gamma-ray Bursts; Universe, 5, 110 (2019).

There is increasing observational evidence that short and long Gamma-ray
bursts (GRBs) originate in different subclasses, each one with specific energy
release, spectra, duration, etc, and all of them with binary progenitors. The
binary components involve carbon-oxygen cores (COcore), neutron stars (NSs),
black holes (BHs), and white dwarfs (WDs). We review here the salient fea-
tures of the specific class of binary-driven hypernovae (BdHNe) within the
induced gravitational collapse (IGC) scenario for the explanation of the long
GRBs. The progenitor is a COcore-NS binary. The supernova (SN) explosion
of the COcore, producing at its center a new NS (νNS), triggers onto the NS
companion a hypercritical, i.e., highly super-Eddington accretion process, ac-
companied by a copious emission of neutrinos. By accretion the NS can be-
come either a more massive NS or reach the critical mass for gravitational col-
lapse with consequent formation of a BH. We summarize the results on this
topic from the first analytic estimates in 2012 all the way up to the most re-
cent three-dimensional (3D) smoothed-particle-hydrodynamics (SPH) numer-
ical simulations in 2018. Thanks to these results it is by now clear that long
GRBs are richer and more complex systems than thought before. The SN ex-
plosion and its hypercritical accretion onto the NS explain the X-ray precursor.
The feedback of the NS accretion, the NS collapse and the BH formation pro-
duce asymmetries in the SN ejecta, implying the necessity of a 3D analysis for
GRBs. The newborn BH, the surrounding matter and the magnetic field in-
herited from the NS, comprises the inner engine from which the GRB electron-
positron (e+e−) plasma and the high-energy emission are initiated. The im-
pact of the e+e− on the asymmetric ejecta transforms the SN into a hypernova
(HN). The dynamics of the plasma in the asymmetric ejecta leads to signatures
depending on the viewing angle. This explains the ultrarelativistic prompt
emission in the MeV domain and the mildly-relativistic flares in the early af-
terglow in the X-ray domain. The feedback of the νNS pulsar-like emission on
the HN explains the X-ray late afterglow and its power-law regime. All of the
above is in contrast with a simple GRB model attempting to explain the entire
GRB with the kinetic energy of an ultrarelativistic jet extending through all
of the above GRB phases, as traditionally proposed in the “collapsar-fireball”
model. In addition, BdHNe in their different flavors lead to νNS-NS or νNS-
BH binaries. The gravitational wave emission drives these binaries to merge
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producing short GRBs. It is thus established a previously unthought intercon-
nection between long and short GRBs and their occurrence rates. This needs to
be accounted for in the cosmological evolution of binaries within population
synthesis models for the formation of compact-object binaries.

60. R. Ruffini, J.D. Melon Fuksman, G.V. Vereshchagin; On the role of a cav-
ity in the hypernova ejecta of GRB 190114C; The Astrophysical Journal,
883, 191 (2019).

Within the binary-driven hypernova I (BdHN I) scenario, the gamma-ray burst
GRB190114C originates in a binary system composed of a massive carbon-
oxygen core (COcore), and a binary neutron star (NS) companion. As the COcore

undergoes a supernova explosion with the creation of a new neutron star (νNS),
hypercritical accretion occurs onto the companion binary neutron star until it
exceeds the critical mass for gravitational collapse. The formation of a black
hole (BH) captures 1057 baryons by enclosing them within its horizon, and
thus a cavity of approximately 1011 cm is formed around it with initial den-
sity 10−7 g/cm3. A further depletion of baryons in the cavity originates from
the expansion of the electron-positron-photon (e+e−γ) plasma formed at the
collapse, reaching a density of 10−14 g/cm3 by the end of the interaction. It
is demonstrated here using an analytical model complemented by a hydrody-
namical numerical simulation that part of the e+e−γ plasma is reflected off the
walls of the cavity. The consequent outflow and its observed properties are
shown to coincide with the featureless emission occurring in a time interval
of duration tr f , measured in the rest frame of the source, between 11 and 20
s of the GBM observation. Moreover, similar features of the GRB light curve
were previously observed in GRB 090926A and GRB 130427A, all belonging to
the BdHN I class. This interpretation supports the general conceptual frame-
work presented in R. Ruffini et al. and guarantees that a low baryon density
is reached in the cavity, a necessary condition for the operation of the “inner
engine” of the GRB presented in an accompanying article.

61. R. Ruffini, R. Moradi, J.A. Rueda, L.M. Becerra, C.L. Bianco, C. Cheru-
bini, S. Filippi, Y.C. Chen, M. Karlica, N. Sahakyan, Y. Wang, S.-S. Xue;
On the GeV Emission of the Type I BdHN GRB 130427A; The Astro-
physical Journal, 886, 82 (2019).

We propose that the inner engine of a type I binary-driven hypernova (BdHN)
is composed of a Kerr black hole (BH) in a non-stationary state, embedded in a
uniform magnetic field B0 aligned with the BH rotation axis, and surrounded
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by an ionized plasma of extremely low density of 10−14 g cm−3. Using GRB
130427A as a prototype we show that this inner engine acts in a sequence of
elementary impulses. Electrons are accelerated to ultra-relativistic energy near
the BH horizon and, propagating along the polar axis, θ = 0, they can reach
energies of ∼ 1018 eV, and partially contribute to ultra-high energy cosmic rays
(UHECRs). When propagating with θ ̸= 0 through the magnetic field B0 they
give origin by synchrotron emission to GeV and TeV radiation. The mass of
BH, M = 2.3M⊙, its spin, α = 0.47, and the value of magnetic field B0 = 3.48×
1010 G, are determined self-consistently in order to fulfill the energetic and the
transparency requirement. The repetition time of each elementary impulse of
energy E ∼ 1037 erg, is ∼ 10−14 s at the beginning of the process, then slowly
increasing with time evolution. In principle, this “inner engine” can operate in
a GRB for thousands of years. By scaling the BH mass and the magnetic field
the same “inner engine” can describe active galactic nuclei (AGN).

62. L. Li; Thermal Components in Gamma-ray Bursts. II. Constraining the
Hybrid Jet Model; The Astrophysical Journal, 894, 100 (2020).

In explaining the physical origin of the jet composition of gamma-ray bursts
(GRBs), a more general picture, i.e. the hybrid jet model (which introduced
another magnetization parameter σ0 on the basis of the traditional fireball
model), has been well studied in Gao & Zhang. However, it still has not yet
been applied to a large GRB sample. Here, we first employ the “top-down”
approach of Gao & Zhang to diagnose the photosphere properties at the cen-
tral engine to see how the hybrid model can account for the observed data as
well, through applying a Fermi GRB sample (eight bursts) with the detected
photosphere component, as presented in Li (our Paper I). We infer all physical
parameters of a hybrid problem with three typical values of the radius of the
jet base (r0 = 107, 108, and 109 cm). We find that the dimensionless entropy
for all the bursts shows η ≫ 1 while the derived (1+σ0) for five bursts (GRB
081224, GRB 110721A, GRB 090719, GRB 100707, and GRB 100724) is larger
than unity, indicating that in addition to a hot fireball component, another
cold Poynting-flux component may also play an important role. Our analysis
also shows that in a few time bins for all r0 in GRB 081224 and GRB 110721A,
the magnetization parameter at ∼ 1015cm (1+σr15) is greater than unity, which
implies that internal-collision-induced magnetic reconnection and turbulence
may be the mechanism to power the nonthermal emission, rather than inter-
nal shocks. We conclude that the majority of bursts (probably all) can be well
explained by the hybrid jet problem.
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63. J.A. Rueda, R. Ruffini, M. Karlica, R. Moradi, Y. Wang; Magnetic fields
and afterglows of bdhne: inferences from grb 130427a, grb 160509a, grb
160625b, grb 180728a, and grb 190114c; The Astrophysical Journal, 893,
148 (2020).

GRB 190114C is the first binary-driven hypernova (BdHN) fully observed from
the initial supernova appearance to the final emergence of the optical SN sig-
nal. It offers an unprecedented testing ground for the BdHN theory and it is
here determined and further extended to additional gamma-ray bursts (GRBs).
BdHNe comprise two subclasses of long GRBs with progenitors a binary sys-
tem composed of a carbon-oxygen star (COcore) and a neutron star (NS) com-
panion. The COcore explodes as a SN leaving at its center a newborn NS (νNS).
The SN ejecta hypercritically accretes both on the νNS and the NS companion.
BdHNe I are the tightest binaries where the accretion leads the companion NS
to gravitational collapse into a black hole (BH). In BdHN II the accretion onto
the NS is lower, so there is no BH formation. We observe the same structure
of the afterglow for GRB 190114C and other selected examples of BdHNe I
(GRB 130427A, GRB 160509A, GRB 160625B) and for BdHN II (GRB 180728A).
In all the cases the explanation of the afterglow is reached via the synchrotron
emission powered by the νNS: their magnetic fields structures and their spin
are determined. For BdHNe I, we discuss the properties of the magnetic field
embedding the newborn BH, inherited from the collapsed NS and amplified
during the gravitational collapse process, and surrounded by the SN ejecta.

64. J.A. Rueda, R. Ruffini; The blackholic quantum; European Physical Jour-
nal C, 80, 300 (2020).

We show that the high-energy emission of GRBs originates in the inner engine: a
Kerr black hole (BH) surrounded by matter and a magnetic field B0. It radiates
a sequence of discrete events of particle acceleration, each of energy E = h̄ Ωeff,
the blackholic quantum, where Ωeff = 4(mPl/mn)8(c a/G M)(B2

0/ρPl)Ω+. Here
M, a = J/M, Ω+ = c2∂M/∂J = (c2/G) a/(2Mr+) and r+ are the BH mass,
angular momentum per unit mass, angular velocity and horizon; mn is the
neutron mass, mPl, λPl = h̄/(mPlc) and ρPl = mPlc2/λ3

Pl, are the Planck mass,
length and energy density. Here and in the following use CGS-Gaussian units.
The timescale of each process is τel ∼ Ω−1

+ , along the rotation axis, while it
is much shorter off-axis owing to energy losses such as synchrotron radia-
tion. We show an analogy with the Zeeman and Stark effects, properly scaled
from microphysics to macrophysics, that allows us to define the BH magneton,
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µBH = (mPl/mn)4(c a/G M)e h̄/(Mc). We give quantitative estimates for GRB
130427A adopting M = 2.3 M⊙, c a/(G M) = 0.47 and B0 = 3.5 × 1010 G.
Each emitted quantum, E ∼ 1037 erg, extracts only 10−16 times the BH rota-
tional energy, guaranteeing that the process can be repeated for thousands of
years. The inner engine can also work in AGN as we here exemplified for the
supermassive BH at the center of M87.

65. B. Zhang, Y. Wang, L. Li; Dissecting the Energy Budget of a Gamma-Ray
Burst Fireball; The Astrophysical Journal Letters, 909, L3 (2021)

66. L. Li, B. Zhang; Testing the High-latitude Curvature Effect of Gamma-
Ray Bursts with Fermi Data: Evidence of Bulk Acceleration in Prompt
Emission; The Astrophysical Journal Supplement Series, 253, 43 (2021)

67. L. Li, F. Ryde, A. Pe’er, H.-F. Yu, Z. Acuner; The Astrophysical Journal
Supplement Series; 254, 35 (2021)

68. Y. Wang; Do All Long-duration Gamma-Ray Bursts Emit GeV Photons?;
The Astrophysical Journal, 913, 86 (2021)

69. L. Li; Searching for Observational Evidence for Binary Star Systems in
Gamma-ray Bursts; Astronomy Reports, 65, 973 (2021)

70. Y. Wang; Gamma-Ray Burst from Binary Star: Neutron Star and Car-
bon–Oxygen Core; Astronomy Reports, 65, 1077 (2021)

71. R. Ruffini; Discovery of the Moment of Formation of the Black Hole in
GRB 190114C; Astronomy Reports, 65, 1030 (2021)

72. R. Ruffini, R. Moradi, J.A. Rueda, L. Li, N. Sahakyan, Y.-C. Chen, Y.
Wang, Y. Aimuratov, L. Becerra, C.L. Bianco, C. Cherubini, S. Filippi,
M. Karlica, G.J. Mathews, M. Muccino, G.B. Pisani, S.-S. Xue; The mor-
phology of the X-ray afterglows and of the jetted GeV emission in long
GRBs; Monthly Notices of the Royal Astronomical Society, 504, 5301
(2021)

73. R. Moradi, J.?A. Rueda, R. Ruffini, Liang Li, C.?L. Bianco, S. Campion,
C. Cherubini, S. Filippi, Y. Wang, and S.?S. Xue; Nature of the ultrarel-
ativistic prompt emission phase of GRB 190114C; Phys. Rev. D, 104,
063043 (2021)
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74. R. Moradi, J.A. Rueda, R. Ruffini and Y. Wang; The newborn black hole
in GRB 191014C proves that it is alive; Astronomy & Astrophysics, 649,
A75 (2021)

4.2 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)”;
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
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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
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
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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 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
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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–
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)
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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,
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 - Einstein’s 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).
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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
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
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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.
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 – Pro-
ceedings 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
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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;
“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.
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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 Work-
shop, Pescara (Italy), July 2007, C.L. Bianco, S.-S. Xue, Editors; AIP Con-
ference 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
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
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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
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).
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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;
“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
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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
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 0.3–150 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
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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
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; “Fermi’s 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
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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
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-
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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
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 Pro-
ceedings, 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;
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“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
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,
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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
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
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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).

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 0.1–150 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
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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
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
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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
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; Cefalù (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
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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
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; Cefalù (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
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afterglow light curve.
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Abstract

The jet composition and radiative efficiency of gamma-ray bursts (GRBs) are poorly constrained from the data. If
the jet composition is matter-dominated (i.e., a fireball), the GRB prompt emission spectra would include a
dominant thermal component originating from the fireball photosphere and a nonthermal component presumably
originating from internal shocks whose radii are greater than the photosphere radius. We propose a method to
directly dissect the GRB fireball energy budget into three components and measure their values by combining the
prompt emission and early afterglow data. The measured parameters include the initial dimensionless specific
enthalpy density (η), bulk Lorentz factors at the photosphere radius (Γph) and before fireball deceleration (Γ0), the
amount of mass loading (M), and the GRB radiative efficiency (ηγ). All the parameters can be derived from the data
for a GRB with a dominant thermal spectral component, a deceleration bump feature in the early afterglow
lightcurve, and a measured redshift. The results only weakly depend on the density n of the interstellar medium
when the composition  parameter (typically unity) is specified.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Relativistic fluid dynamics (1389)

1. Introduction

The jet composition of the gamma-ray bursts (GRBs) has
been subject to debate (Kumar & Zhang 2015; Pe’er 2015;
Zhang 2018). The GRB prompt emission spectra can in
principle help to diagnose the jet composition: the existence of
a bright thermal component would support a matter-dominated
fireball (Mészáros & Rees 2000), while the nondetection of
such a component may suggest the dominance of a Poynting
flux in the jet composition (Zhang & Pe’er 2009).5 Broadband
observations with GRB detectors, especially with the Gamma-
ray Burst Monitor and Large Area Telescope on board the
Fermi Gamma-Ray Space Telescope, have collected rich data,
which suggest that the GRB jet composition is likely diverse.
Whereas some GRBs (e.g., GRB 090902B, Abdo et al. 2009a;
Ryde et al. 2010; Pe’er et al. 2012, see Ryde 2005; Ryde &
Pe’er 2009; Li 2019b for systematic searches) are consistent
with being fireballs, a good fraction of bursts are consistent
with not having a thermal component (e.g., GRBs 080916C,
130606B, and many others; Abdo et al. 2009b; Zhang et al.
2011, 2016; Oganesyan et al. 2017; Ravasio et al. 2019;
Burgess et al. 2020). “Intermediate” GRBs with a dominant
nonthermal component and a subdominant thermal component
have been discovered (e.g., GRB 100724B, GRB 110721A and
several others; Guiriec et al. 2011, 2015; Axelsson et al. 2012),
which may be understood within the framework of “hybrid”
jets, i.e., the composition is a mixture of a matter component
and a Poynting-flux component (Gao & Zhang 2015; Li 2020).
Some bursts (e.g., GRB 160625B) displayed a significant
change of jet composition among different emission episodes
within the same GRB (Zhang et al. 2018; Li 2019a), which may
be consistent with some central engine models (e.g., Metzger
et al. 2011). Different jet compositions may imply different

energy dissipation (shocks versus magnetic reconnection) and
radiation (quasi-thermal versus synchrotron) mechanisms.
Another interesting subject related to the GRB prompt

emission mechanism is the radiative efficiency of a burst,
which may be defined as (Lloyd-Ronning & Zhang 2004)

( )h º =
+

=g
g g

g

gE

E

E

E E

L

L
, 1

k wtot ,0

where Eγ, Ek, and Etot are isotropic-equivalent gamma-ray
energy, afterglow kinetic energy, and total energy, respec-
tively, and Lγ and Lw,0 are the isotropic-equivalent average
gamma-ray luminosity and total wind luminosity at the central
engine, respectively. Considering beaming correction would
lead to the same results, since all the energy/luminosity terms
are multiplied by the same beaming factor fb, which is not
considered in the discussion below. The Eγ value can be well
measured from the data as long as the fluence is well
measured and redshift is known. The Ek term, on the other
hand, is usually estimated from the afterglow data through
modeling. Its value depends on many uncertain shock
microphysics parameters, mostly òe (Freedman & Waxman
2001), but also òB and electron spectral index p as well (Zhang
et al. 2007; Wang et al. 2015). As a result, the derived
GRB radiative efficiency has been subject to large uncertain-
ties, ranging from below 10% to more than 90% (Zhang
et al. 2007; Wang et al. 2015; Beniamini et al. 2015; Li et al.
2018).
The bulk Lorentz factor Γ of a GRB, which is related to the

kinetic energy of the outflow, has been estimated using various
methods. The maximum photon energy of prompt emission
may be used to set a lower limit on Γ (e.g., Baring &
Harding 1997; Lithwick & Sari 2001). However, a precise
measurement cannot be made since the maximum energy also
depends on emission radius, which is not well constrained
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5 A thermal component may still show up if the central engine magnetization
parameter σ0 is not extremely large and σ at the photosphere already drops to
close to unity (e.g., Gao & Zhang 2015; Beniamini & Giannios 2017).
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(Gupta & Zhang 2008).6 Two other methods can give better
estimates of Γ. The first makes use of the early afterglow
lightcurve data. If a well-defined bump is identified in the early
afterglow lightcurve, it can be interpreted as the fireball
deceleration time. The Lorentz factor before deceleration
(which we call Γ0 in the rest of the paper) can be estimated
(Rees & Mészáros 1992; Mészáros & Rees 1993; Sari &
Piran 1999), which depends on Ek and the medium density
parameter (i.e., n for the constant medium model and A* for the
wind model). Again Ek needs to be estimated from the
afterglow data or from the prompt emission data assuming an
efficiency parameter. Alternatively, if a strong thermal comp-
onent is measured from the GRB prompt emission spectrum,
one can estimate the Lorentz factor at the photosphere radius
(which we call Γph in the rest of the paper) based on the
standard fireball photosphere model (Pe’er et al. 2007). The
GRB efficiency again needs to be assumed in order to perform
the estimate. This simple method relies on the assumption of a
matter-dominated jet composition. For more general hybrid-jet
models, more complicated diagnoses are needed (Gao &
Zhang 2015). Observationally, the Γ values derived from the
afterglow deceleration method (Liang et al. 2010; Lü et al.
2012; Ghirlanda et al. 2018) is somewhat smaller than those
derived using other methods (Racusin et al. 2009; Pe’er et al.
2015).

In this paper, we propose a new method to diagnose fireball
parameters by combining the deceleration and photosphere
methods. We show that with adequate observations, one can
measure several fireball parameters related to the energy
budgets. In particular, the efficiency parameter that has to be
assumed in previous methods can be directly measured. The

method is introduced in Section 2. Some examples are
presented in Section 3. The results are summarized in
Section 4 with some discussion.

2. The Method

2.1. Energy Budget Decomposition

Very generally, the effective energy per baryon at the central
engine can be defined by the parameter

( ) ( )m h s hº +1 , 20 0

where ( ) ( ) ˆh gº + + = +n m c e p n m c e1w p w p,0
2

0 0 ,0
2

0

( )n m cw p,0
2 , σ0, nw,0, e0, and p0 are the dimensionless specific

enthalpy density (also called dimensionless entropy in the
literature, e.g., Mészáros & Rees 2000), the magnetization
parameter, number density, internal energy density, and
pressure of the fireball wind at the central engine, respectively,
and ĝ = 4 3 is the adiabatic index for a relativistic fireball
with η? 1. The last approximation in Equation (2) applies to a
pure fireball with σ0; 0, which is the regime discussed in this
paper. During the subsequent evolution of the fireball, the
effective energy per baryon can be defined by

( ) ( ) ( )m = G QR R , 3

which is conserved unless radiation is leaked out from the
fireball. Here Γ(R) is the bulk Lorentz factor of the fireball as a
function of the radius R from the central engine, and

( ) ˆ ( ) [ ( ) ]gQ = +R e R n R m c1 w p
2 is the dimensionless specific

enthalpy density as a function of R. Figure 1 shows a cartoon
picture of the evolution of μ (only up to the deceleration radius
Rdec, beyond which it is no longer of interest) and Γ

(throughout the acceleration, coasting, dissipation, and decel-
eration phases) as a function of R. One can see that before the
deceleration radius, the μ parameter undergoes two significant

Figure 1. An indicative description of the evolution of μ and Γ in a GRB fireball. Both axes are in logarithmic scales. In reality, internal shocks may spread in a wide
range of radii.

6 Most work made use of the variability timescale to estimate the emission
radius, but the estimate is only relevant for the internal shock model but does
not apply to photosphere (e.g., Rees & Mészáros 2005) or magnetic dissipation
(e.g., Mészáros & Rees 1997; Lyutikov & Blandford 2003; Zhang &
Yan 2011) models.
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drops. The first drop occurs at the photosphere radius where a
significant amount of thermal energy is released as thermal
photons. The μ value drops from η to Γph. The second drop
occurs at the internal shock radii where significant dissipation
of the fireball kinetic energy occurs and additional photon
energy (in the form of synchrotron radiation) is released from
the fireball. The μ value drops from Γph to Γ0 before entering
the deceleration phase.

For a fireball with an isotropic-equivalent total mass M, the
initial, total energy of the fireball is

( )h=E Mc . 4tot
2

The energy emitted in thermal emission from the photosphere
is

( ) ( )h= - GE Mc ; 5th ph
2

that emitted in nonthermal emission from internal shocks is

( ) ( )= G - GE Mc ; 6nth ph 0
2

and the total emitted energy is

( ) ( )h= + = - GgE E E Mc . 7th nth 0
2

The kinetic energy left in the afterglow is

( )= GE Mc , 8k 0
2

so the radiative efficiency (1) becomes

( )h
h

h
=

- G
g . 90

2.2. Prompt Emission Constraint

The fireball initially undergoes a rapid acceleration with
Γ∝ R due to the internal pressure of the fireball (Mészáros
et al. 1993; Piran et al. 1993; Kobayashi et al. 1999). It coasts at
a radius Rc= ΓcR0 at which acceleration essentially stops,
where R0 is the initial radius of the fireball, and Γc is the
coasting Lorentz factor. In order to constrain Lorentz factor
using the thermal emission information, the photosphere radius
Rph needs to be greater than Rc. In previous treatments (e.g.,
Mészáros & Rees 2000; Pe’er et al. 2007), Γc is approximated
as η (for the regime we are interested in, i.e., Rph> Rc). We
note that the fireball Lorentz factor never fully achieves η, as
the fireball contains a significant amount of internal energy,
especially below Rph. Numerical simulations (Kobayashi et al.
1999) showed that acceleration does not stop abruptly, but
undergoes a smooth transition around Rc (see also Figure 1). As
a result, a more reasonable approximation would be that the
Lorentz factor of the fireball only reaches Γph at Rph, when the
fireball becomes transparent. After discharging photons at Rph,
the internal energy becomes negligibly small, so μ becomes
close to the bulk Lorentz factor Γ= Γph, which coasts with this
value afterwards. As a result, one may approximately treat the
fireball dynamics as having an effective coasting Lorentz factor
Γc∼ Γph and an effective coasting radius at Rc∼ ΓphR0.

For Rph> Rc (i.e., Γph< Γph,*), the observer-frame (without
the (1+ z) correction from cosmological expansion) luminosity
and temperature of the photosphere emission can be estimated
as (Mészáros & Rees 2000, but with η replaced by Γph and Lw,0

replaced by Lw,ph)

⎛
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ph
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ph
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where Lph is the photosphere emission luminosity (i.e., the
luminosity of the thermal spectral component), Lw,ph is the
kinetic luminosity of the wind at the photosphere, which is
related to the total wind luminosity through Lw,ph= Lw,0(Γph/η),

( )=
G

r
R

12ph
ph

ph

is the radius of the projected photosphere area for a
relativistically moving fireball,

⎛
⎝⎜

⎞
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p
ph,
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3
0

1 4
w,ph,52

0,7

1 4

*

is the critical Γph above which Rph becomes smaller than Rc so
that the method discussed here no longer applies, and

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ ( ) 
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0
,0

0
2

B

1 4
10 ,0,52
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1 4

is the initial temperature at the central engine. Here mp is the
proton mass, c is the speed of light, σT is the Thomson cross
section, σB is the Stefan–Boltzmann constant,  is the lepton-
to-baryon number ratio, which equals unity for a pure hydrogen
fireball but could be greater (for a pair-loaded fireball) or
slightly smaller (for a neutron-rich fireball without pair loading)
than unity. Both Lw,ph and Lw,0 are normalized to 1052 erg s−1

(hereafter the convention Q= 10nQn is adopted in cgs units).
Notice that in Equation (14) we have neglected a coefficient of
order unity, which depends on the composition of the outflow
at the jet base (Kumar & Zhang 2015). Other coefficients of the
order unity are also neglected in our derivations below.
The observed flux of the photosphere blackbody7 component

is ( ) ( )p s p=F r T D4 4bb
ob

ph
2

B ph
4

L
2 . Using Equation (11) and

noticing p h= g g
-L D F4w,0 L

2 ob 1 ( gFob is the observed total
gamma-ray flux), one can derive (Pe’er et al. 2007)
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7 The photosphere spectrum is not exactly a blackbody, but does not
significantly deviate from it (Pe’er 2012; Deng & Zhang 2014).
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and Tob= Tph/(1+ z) is the effective temperature of the
observed thermal spectrum.

Making use of Equation (10) and noticing =Lw,ph

p g g
-D F f4 L

2 ob 1, where

( )h
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- G
Gg

gf
L

L
, 18
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one can further derive
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One can see that the parameters η and Y in Equation (4) of
Pe’er et al. (2007) are replaced by Γph and hg gf 1 2 3 2,
respectively. In the second equation, Equation (18) has been
used. Solving for Γph, one can further derive
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2.3. Afterglow Constraint

For a constant density interstellar medium,8 one can estimate
Γ0 using the observed deceleration time tdec. The decelera-
tion radius can be estimated with ( )p =R nm c E4 3 p kdec

3 2

( ˆ )gG G0 dec , where Γdec= Γ0/2. This gives the deceleration
radius ( ˆ ) ( )pg= G ´R E nm c E3 2 6.2 10 cmk p kdec 0

2 2 1 3 16
,52

1 3

G- -n .0,2
2 3 1 3 The deceleration time in the observer frame can be

calculated as ( ) ( ( ) ) ( )ò= + G +t z r c dr z1 2 0.9 1dec 0

R 2dec

/GR cdec 0
2 . Reversely solving it, one finally gets (Zhang 2018)
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2.4. Dissecting Fireball Energy Budget

The five unknown parameters that characterize a GRB fireball,
i.e., η, Γph, Γ0, ηγ, and M can be in principle solved with
Equations (5), (6), (9), (20), and (21), using the observed
quantities Eth, Enth, Eγ, gFob, Fbb

ob, Tob, tdec, and z. There are only
two free parameters. One is  , which depends on the composition
of the fireball (pairs, protons, and neutrons), but a reasonable

estimate is ~ 1. The second parameter is the density parameter
n, which may be further constrained via afterglow modeling (e.g.,
Panaitescu & Kumar 2001, 2002). Even if it is not constrained, the
solutions only weakly depend on it. One may take a standard
value n= 1 cm−3 when solving the problem.
There is no analytical solution to the problem. One can

numerically solve the problem using a root-finding algorithm.
From Equations (5) or (6), one can solve
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From Equation (21), one can derive
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Inserting Equations (23) and (24) into Equation (20), Γ0 can be
then solved by assigning typical values for  and n. Once Γ0 is
solved, η can be solved from Equation (24); Γph and M can be
solved from Equations (23) and (22), respectively, and ηγ can
be solved from Equation (9).

3. Examples

In order to perform the diagnosis proposed in this paper, a
GRB needs to satisfy the following three requirements:

1. The burst needs to have a matter-dominated composition
with a distinct thermal spectral component. One may use the
contrast between the thermal and nonthermal components to
estimate the magnetization parameter σ0 at the central
engine based on the hybrid-jet diagnostic method proposed
by Gao & Zhang (2015; see Li 2020 for a systematic
analysis of the GRB data using the method). If σ0 is close to
0, the burst would be a fireball.

2. The burst needs to have early afterglow data that show a
distinct bump that is consistent with deceleration of a
fireball in a constant density medium (e.g., Molinari et al.
2007; Liang et al. 2010).

3. The burst needs to have a measured redshift.

Few GRBs satisfy these constraints in the current database. We
have gone over the currently detected GRBs from the archives,
but could not find an ideal case with all three criteria satisfied.
One GRB to which this method may be applied is GRB
190114C, which is studied elsewhere (Li et al. 2021).
Instead of performing case studies, in the following we perform

calculations for some example cases and explore the dependence
of the results on various parameters. For example, we consider a
GRB at z= 1 with the following observed quantities: Eth=
1053 erg, Enth= 5× 1052 erg, =g

- - -F 10 erg s cmob 5 1 2, =Fbb
ob

´ - - -6 10 erg s cm6 1 2, T= 100 keV, and tdec= 20 s. Accord-
ing to the formalism discussed in Section 2, the following fireball
parameters can be derived: η; 695, Γph; 554, Γ0; 408,
ηγ; 30.4%, and M; 3.91× 10−4Me.
In general, the results are mainly defined by three energy

values (only two are independent), i.e., Eth, Enth, and Eγ=
Eth+ Enth. This is because given a GRB duration T90 and a
redshift, the energy parameters (Eth and Eγ) can be

8 We do not discuss the case of a wind medium (Dai & Lu 1998; Mészáros
et al. 1998; Chevalier & Li 1999) in this paper. Afterglow observations suggest
that the majority of GRBs, especially those with the clear deceleration
signature, are consistent with having a constant density medium (Zhang et al.
2007; Liang et al. 2010).

4

The Astrophysical Journal Letters, 909:L3 (7pp), 2021 March 1 Zhang, Wang, & Li



approximately translated to the flux parameters (Fbb
ob and gFob).9

The observed temperature Tob is also related to Fbb
ob through rph.

Figure 2 shows the contours of η, Γph, Γ0, ηγ, Ek, and Etot in the
Eγ− p plane, where p≡ Eth/Eγ is the thermal emission
fraction. The following parameters, i.e., z= 1, n= 1 cm−3,

= 1, T90= 15 s, tdec= 30 s, and Tob= 60 keV, are adopted in
the calculations. One can see that the efficiency ηγ is
reasonably high, between ∼(25%–40%) for the parameter
space explored. The derived parameters η, Γ0, Ek, and Etot are
all insensitive to the thermal emission fraction p but positively
scale with Eγ. Only the Γph contour positively scales with both
Eγ and p. Fixing Eγ, Γph decreases as p increases. This is fully
consistent with intuition.
Figure 3 shows the contours of η, Γph, Γ0, ηγ, Ek, and Etot

in the Tob− p plane. The following parameters, i.e., z= 1,
n= 1 cm−3, = 1, T90= 15 s, tdec= 30 s, and Eγ= 1052 erg,
are adopted for the calculations. The patterns are more

Figure 2. Contour plots of η, Γph, Γ0, ηγ, Ek, and Etot in the Eγ–p plane.

Figure 3. Contour plots of η, Γph, Γ0, ηγ, Ek, and Etot in the Tob–p plane.

9 Eth, Enth, and Eγ include the energies during the entire T90 of GRB prompt
emission, whereas Fγ and Fbb are measured during the time intervals when the
thermal emission presents. For typical GRBs, the prompt emission lightcurves
show a rough fast-rise-exponential-decay behavior and the thermal emission
usually appears at the most luminous peak region. For a theoretical estimation,
we may calculate the flux at the peak region as ∼3 times the average flux
during T90, e.g., ( ) p~ +g gF z E D T3 1 4ob

L
2

90.
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complicated, which is a result of the complicated relationship
between rph and various energy budget parameters. The
bottom-left panel again shows that usually the fireball radiative
efficiency ηγ is high, i.e., ∼(20%–60%) for reasonable values
of the measured blackbody temperatures and a typical observed
value for Tob. Given a measured Tob, ηγ increases as the thermal
fraction p increases to high values. This is due to the significant
increase of η in these cases.

4. Conclusions and Discussion

We have proposed a method to dissect the energy budget of
a GRB fireball making use of the constraints derived from the
thermal and nonthermal emission components in the prompt
emission spectrum and the deceleration bump feature in the
early afterglow lightcurve of a GRB. The key point is that the
blackbody spectral component observed in the prompt emis-
sion phase and the early afterglow bump are measuring the
bulk Lorentz factor of the fireball at two different stages, i.e.,
Γph and Γ0, respectively. Both are lower than the initial
dimensionless specific enthalpy density of the fireball η. With
observational quantities such as Eth, Enth, Eγ, gFob, Fbb

ob, Tob, tdec,
and z, one can directly measure several crucial fireball
parameters, including η, Γph, Γ0, ηγ, and M.

In order to apply the method, the three criteria discussed in
Section 3 are needed. The lack of GRBs satisfying all three
criteria is the combination of the rareness of fireballs and some
observational selection effects. For example, the GRBs with
well-studied prompt emission spectra were usually detected by
Fermi, whereas those with early afterglow and redshift
measurements were usually detected by Swift. On the other
hand, bursts that can satisfy all three constraints may be
regularly discovered by the upcoming Chinese-French GRB
detector SVOM (Wei et al. 2016), which has the capability of
obtaining both broadband prompt emission spectra (using
ECLAIRS and GRM) and early optical afterglow lightcurves
(using VT). Many of these bursts will have redshift measure-
ments with the detection of early afterglows. The diagnosis
proposed in this paper can be routinely applied to those bursts.

There are some caveats when applying the method proposed
here. First, we have applied the standard fireball photosphere-
internal-shock model (Rees & Mészáros 1994; Mészáros &
Rees 2000; Daigne & Mochkovitch 2002) that invokes two
distinct emission sites. Some models interpret both thermal and
nonthermal emissions as arising from the photosphere region
(e.g., Vurm et al. 2011; Veres et al. 2012). Our method does
not apply to those models. Second, if the central engine carries
significant magnetization (σ0? 1), which seems to be the case
for most GRBs (Zhang 2018), the simple method proposed
here does not apply. More work is needed to extend this
analysis to the case of hybrid jets following the approach of
Gao & Zhang (2015). Finally, there is another channel to leak
energy from the fireball, which is neutrino emission due to
hadronic interactions of high-energy protons accelerated from
shocks. This channel may be important for hadronic GRB
models under extreme conditions (e.g., Asano & Mészáros
2011), but would not be important for the standard fireball
model. The nondetection of neutrinos from GRBs (Aartsen
et al. 2017) suggests that the nonthermal GRB emission region
is likely far from the central engine (He et al. 2012; Zhang &
Kumar 2013), where the hadronic interaction optical depth is
low. This is also consistent with the assumption that neutrino
energy loss channel is unimportant.

We thank Peter Mészáros, Asaf Pe’er, and an anonymous
referee for helpful comments.
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Abstract

When a gamma-ray burst (GRB) emitter stops emission abruptly, the observer receives rapidly fading emission
from high latitudes with respect to the line of sight, known as the “curvature effect.” Identifying such emission
from GRB prompt-emission lightcurves would constrain the radius of prompt emission from the central engine
and the composition of GRB jets. We perform a dedicated search of high-latitude emission (HLE) through
spectral and temporal analyses of a sample of single-pulse bursts detected by the Gamma-ray Burst Monitor on
board the Fermi satellite. We identify HLE from a subsample of bursts and constrain the emission radius to be
RGRB∼ (1015–1016) cm from the central engine. Some bursts have the HLE decay faster than predicted by a
constant Lorentz factor jet, suggesting that the emission region is undergoing acceleration during prompt
emission. This supports the Poynting-flux-dominated jet composition for these bursts. The conclusion is
consistent with previous results drawn from spectral-lag modeling of prompt emission and HLE analysis of
X-ray flares.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Relativistic jets (1390); Astronomy data
analysis (1858)

1. Introduction

Gamma-ray bursts (GRBs) are the most luminous explo-
sions in the universe. While it is well established that the
γ-ray emission originates from an internal site in a relativistic
jet beaming toward Earth, the composition of the jet as well as
the origin of γ-rays (energy-dissipation mechanism and
radiation mechanism) are subject to intense debate (Zhang
2018). The simplest model is the “fireball” model, which
invokes a thermally accelerated, matter-dominated ejecta
(Goodman 1986; Paczynski 1986). Within this framework,
the outflow initially undergoes a rapid acceleration phase as
the thermal energy of the fireball is quickly converted into
the kinetic energy of the baryons at the coasting radius ∼Γ
(ctpulse)= 3× 1012 cmΓ2tpulse (Shemi & Piran 1990; Mes-
zaros et al. 1993; Piran et al. 1993; Kobayashi et al. 1999),
where Γ is the Lorentz factor, and tpulse is the duration of the
GRB pulse in the source frame (the observed duration
divided by the (1+ z) time dilation factor, where z is the
source redshift), and the convention Q= 10nQn is adopted in
cgs units throughout the text. Within this model, the γ-ray
emission is released at the internal shock radius (Rees &
Meszaros 1994) and the photospheric radius (Mészáros &
Rees 2000); both are typically smaller than ∼1014 cm from
the central engine. The fireball is decelerated at ∼1017 cm by
a pair of external shocks (Rees & Meszaros 1992; Meszaros
& Rees 1993).

An alternative scenario involves a Poynting-flux-dominated
outflow to interpret GRBs. Within this model, the outflow
initially has a magnetization parameter σ0? 1 (defined as the
ratio between the Poynting flux and the plasma matter flux).
The jet is accelerated gradually as the Poynting flux energy is
converted to kinetic energy (e.g., Granot et al. 2011). Since the
majority of energy is not in the thermal form initially, the

photosphere emission is suppressed (Daigne & Mochkovitch
2002; Zhang & Pe’er 2009).5 If the jet composition is still
Poynting-flux dominated (σ> 1) at the traditional internal
shock radius, the eventual energy-dissipation site would be at
the location for internal collision-induced magnetic reconnec-
tion and turbulence (ICMART), which is typically beyond
1015 cm from the central engine (Zhang & Yan 2011). In
reality, the jet composition may differ among different GRBs.
Most likely the jet composition could be hybrid (Gao &
Zhang 2015; Li 2020), characterized by a relativistic outflow
with a hot fireball component (defined by the dimensionless
enthalpy η) and a cold Poynting-flux component (defined by
magnetization σ0 at the central engine). Indeed, observations
show that GRB composition seems diverse. Whereas some
GRBs indeed show the signature properties of a fireball with a
dominant photospheric thermal spectral component (Abdo
et al. 2009; Ryde et al. 2010; Pe’Er et al. 2012; Li 2019a), some
others show evidence of a Poynting-flux-dominated flow
(Abdo et al. 2009; Zhang & Pe’er 2009; Zhang et al.
2016, 2018). The nondetection of high-energy neutrinos from
GRBs disfavors the possibility that the majority of GRBs are
matter dominated and is consistent with the hypothesis that
most GRBs are Poynting-flux dominated (Zhang & Kumar
2013; Aartsen et al. 2017).
For a relativistic jet, the observed emission does not stop

immediately, even if the emission ceases abruptly. This is
because the emission from higher latitudes with respect to the
line of sight arrives at the observer later because of the
extra path that photons travel. This high-latitude emission
(HLE) “curvature effect” (e.g., Fenimore et al. 1996;
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5 If subphotosphere magnetic dissipation is significant such that σ already
drops to around unity at the photosphere, then the photosphere emission could
be bright (e.g., Rees & Mészáros 2005; Giannios 2006; Pe’er et al. 2006;
Beloborodov 2010; Levinson 2012; Vurm et al. 2013; Bégué & Pe’er 2015).
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Ryde & Svensson 1999; Kumar & Panaitescu 2000; Zhang
et al. 2006; Li et al. 2019, and references therein) has some
testable predictions. In particular, if the emitter Lorentz factor
remains constant during the decaying wing of a pulse, the
temporal index â and the spectral index b̂ should satisfy a
simple closure relation (Kumar & Panaitescu 2000):

ˆ ˆ ( )a b= +2 , 1

where the convention ˆ ˆnµn
a b- -F tt, is adopted, and the zero

time to define the power-law temporal decay index is set to the
beginning of the pulse (Zhang et al. 2006). If the emission
region is accelerating or decelerating, the decay slope â is
steeper or shallower than this predicted relation (Uhm &
Zhang 2015).

Testing the curvature effect using the data can bring clues to
the unknown jet composition and GRB mechanism from two
aspects. First, if a temporal segment during the decay phase of
a GRB pulse is identified as HLE, one can immediately place a
constraint on the GRB emission radius at

⎜ ⎟⎛
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where tHLE is the duration of the HLE in the source frame
(again the observed HLE duration divided by (1+ z)). For
seconds-duration pulses, a positive detection of HLE would
immediately derive a GRB radius RGRB much greater than the
photosphere radius and the standard internal shock radius,
lending support to Poynting-flux-dissipation models such as the
ICMART model. Second, if GRB prompt emission is powered
by dissipation of a Poynting flux, one would expect that about
half of the dissipated magnetic energy goes to accelerate the
ejecta while the other half powers the radiation. As a result, one
would expect bulk acceleration in the emission region. An HLE
curvature-effect test may help to find evidence of bulk
acceleration and, hence, evidence of Poynting-flux dissipation
in the GRB jet.

Some attempts have been made to test the curvature effect
using the GRB prompt-emission data (e.g., Fenimore et al.
1996; Ryde & Svensson 1999), but no firm conclusion has
been drawn. This is because the prompt emission often has
overlapping pulses that smear the curvature effect (if any).
Uhm & Zhang (2016a) tested the HLE curvature effect in two
X-ray flares with clean and extended decay tails and found
convincing evidence of bulk acceleration in these two GRBs.
Jia et al. (2016) extended the analysis to a large sample of GRB
X-ray flares and found that bulk acceleration seems ubiquitous.
Modeling of prompt-emission spectral lags by Uhm & Zhang
(2016b) also provided independent evidence of bulk accelera-
tion in the GRB prompt-emission region. In all these analyses,
the inferred GRB emission radius is ∼(1015–1016) cm from the
central engine, again consistent with the physical picture of
magnetic energy dissipation in a Poynting-flux-dominated
flow.

Since its launch in 2008, Fermi-GBM has triggered more
than 2000 GRBs and collected a large trove of prompt-
emission data. Usually GRB prompt-emission lightcurves show
a complicated and irregular temporal profile with overlapping
pulses, suggesting an erratic central engine at work. Observa-
tionally, a small fraction of bursts only have one single pulse.
Some other bursts may exhibit multiple pulses that are well

separated. These bursts form a unique sample for testing the
HLE curvature effect from the prompt-emission data.
In this paper, we collect a sample of GRBs with single pulses

and use the sample to test the curvature effect in the prompt-
emission phase. The paper is organized as follows. In
Section 2, we present our sample selection criteria and data
reduction procedure. In Section 3, we present the detailed data
analysis methods. Our results are presented in Section 4, and
conclusions and discussions are summarized in Section 5.

2. Sample Selection and Data Reduction

Since our primary interest concerns individual emission
episodes, we pay special attention to single pulses. Our sample
selection allows many smaller spikes on top of the main pulse
structures. This is because for the specific large-radius
magnetic-dissipation models (e.g., the ICMART) we are
testing, rapid variability is expected to be superposed on the
broad pulses, due to the existence of minijets from locally
dissipated regions (Zhang & Yan 2011; Zhang & Zhang 2014).
We first visually inspected all of the time-tagged event (TTE)
lightcurves to search for single-pulse bursts from the bursts
detected by the Gamma-ray Burst Monitor (GBM; Meegan
et al. 2009) on board the Fermi Gamma-ray Space Telescope
during its first 10 years of mission. During this time period,
GBM has triggered at least 2000 bursts. After our initial
checking, about 300 well-defined single-pulse bursts are
selected as our initial sample.
Our next step is to use the Bayesian blocks (BBlocks;

Scargle et al. 2013) method to rebin the TTE lightcurve of each
individual burst from our initial sample. The significance (S; Li
& Ma 1983; Vianello 2018) for each individual time bin is
calculated. In order to make the physical inferences trust-
worthy, high-quality data are required. In particular, the decay
phase is our main interest. We therefore require at least five
time bins with S> 15 measured during the decay phase. Our
final sample is reduced to 24 bursts that satisfy this criterion.
The sample is listed in Table 1, including 24 individual pulses
from 23 long GRBs and one short GRB. Note that our sample
selection is similar to that of Yu et al. (2019). However,
compared with the sample in Yu et al. (2019), our sample is
obtained with a higher selection criterion.
The prompt-emission properties of our sample are reported

in Table 1. We collect duration (t90, Column 1) and
10–1000 keV fluence (Column 2) from the online Fermi-
GBM GRB repository.6 We also list the detectors used, the
source and background intervals used in the analysis, the
number of time bins using the BBlocks method across the
source interval, and the number of time bins with statistical
significance S> 15 selected from the decay wing of the pulses.
The detector in brackets is the brightest one, which is used for
background and BBlock fits.

3. Methodology

3.1. Pulse Properties

To delineate the characteristics of the pulses, several
functional forms have been proposed (e.g., Kocevski et al.
2003; Norris et al. 2005). In order to adequately characterize a
pulse shape, our next step is to employ an asymmetric fast-
rising and exponential-decay function, the so-called FRED

6 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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model (Kocevski et al. 2003), to fit the entire lightcurve of that
pulse (Figure A1). The peak time of the pulse can be then
determined. The function reads as
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where Ip is the amplitude, t0 and tp are the zero time and the
peak time of the pulse, and r and d are the rise and decay
timescale parameters, respectively. The model invokes five
parameters (Ip, t0, tp, r, and d). We also considered a broken
power-law (BKPL) fit to the pulse (Appendix). In Figure A2
we present a comparison of the fitting results between the
FRED model and the BKPL model.

In Table 2, we list the best-fit parameters by adopting the
FRED model for our sample. We list the time resolution of the
count rate (counts/sec) lightcurve used for each burst (Column
2), the start and stop times of the selected pulses (Column 3),
and the corresponding significance S (Column 4), as well as the
best-fit parameters for the FRED model (Columns 5–9)
including the normalization Ip; the zero time t0, which we
fixed to zero for each case; the peak time tp of the pulse; and the
rise r and decay d timescale parameters. The reduced chi-
squared χ2/dof (Column 10), the Akaike information criterion
(AIC) statistic (Column 11), and the Bayesian information
criterion (BIC) statistic (Column 12) are also presented. Note

that the goodness of fit (GOF) can be evaluated by calculating
the reduced chi-squared statistic when the uncertainties in the
data have been obtained. For a set of N data points {xi, yi}
with the estimated uncertainties {σi} in the yi values, one has

( ˆ )c = S
s=
-

i
N y y2

1
i i

i

2

2 and reduced c c=n dof2 2 , where dof =
(N−Nvarys) is the degrees of freedom, N is the number of data
points, and Nvarys is the number of variables in the fit. The bad
fits (large cn

2 values) indicate that these pulses cannot be well
delineated by the FRED model. In Table 2, AIC is calculated
by ( )c +N N Nln 22

varys, and BIC by ( )c +N Nln 2

( )N Nln varys.

3.2. Method to Measure Temporal Indices with a Simple
Power-law Model

We use the energy flux lightcurves to measure the temporal
indices. This is because the indices thus defined can be better
compared with model predictions.
Our procedure to obtain the temporal indices includes the

following steps:

1. Calculate the energy flux in each selected time bin. In
order to obtain the energy flux, one needs to perform the
spectral fits. For a given burst in our final sample, we
therefore use the typical spectral model, called the Band
function model (Band et al. 1993), to fit the spectral data
of each time bin (S> 15) selected by the BBlocks
method, and the best-fit parameters are evaluated by

Table 1
Properties of Prompt Emission of Our Sample

GRB t90 Fluence Detectors ΔTsrc [ΔT(bkg,1), ΔT(bkg,2)] Ntot N(S�15)

(s) (erg cm−2) (s) (s) (Number) (Number)
(1) (2) (3) (4) (5) (6) (7) (8)

081224887 16.448 ± 1.159 (3.76 ± 0.02) × 10−5 (n6)n7n9b1 −1 ∼ 20 [−20 ∼ −10, 40 ∼ 60] 9 5
090620400 13.568 ± 0.724 (1.33 ± 0.01) × 10−5 n6(n7)nab1 −1 ∼ 30 [−20 ∼ −10, 40 ∼ 60] 11 5
090719063 11.392 ± 0.896 (4.68 ± 0.02) × 10−5 n7(n8)b1 −1 ∼ 20 [−20 ∼ −10, 40 ∼ 60] 13 7
090804940 5.568 ± 0.362 (1.42 ± 0.02) × 10−5 n3n4(n5)b0 −1 ∼ 15 [−25 ∼ −10, 40 ∼ 60] 11 6
100707032 81.793 ± 1.218 (8.77 ± 0.02) × 10−5 n7(n8)b1 −1 ∼ 20 [−50 ∼ −10, 80 ∼ 100] 16 10
110721200 21.822 ± 0.572 (3.70 ± 0.01) × 10−5 (n6)n7n9b1 −1 ∼ 25 [−20 ∼ 10, 40 ∼ 60] 10 8
110920546 160.771 ± 5.221 (1.72 ± 0.01) × 10−4 (n0)n1n3b0 −1 ∼ 160 [−20 ∼ −10, 180 ∼ 190] 11 8
120323507 0.384 ± 0.036 (1.04 ± 0.01) × 10−5 n0(n3)b0 −1 ∼ 5 [−20 ∼ −10, 10 ∼ 20] 12 7
120426090 2.688 ± 0.091 (2.10 ± 0.01) × 10−5 (n2)nab1 −1 ∼ 10 [−20 ∼ −10, 40 ∼ 60] 15 7
130305486 25.600 ± 1.557 (4.65 ± 0.01) × 10−5 n6(n9)nab1 −1 ∼ 35 [50–70] 11 6
130614997 9.280 ± 1.972 (6.72 ± 0.10) × 10−6 (n0)n1n3b0 −1 ∼ 10 [−25 ∼ −10, 20 ∼ 45] 8 5
131231198 31.232 ± 0.572 (1.52 ± 0.01) × 10−4 n0(n3)n4b0 0.064 ∼ 60 [−50 ∼ −10, 80 ∼ 100] 31 17
141028455 31.489 ± 2.429 (3.48 ± 0.01) × 10−5 (n6)n7n9b1 −1 ∼ 40 [−30 ∼ −10, 50 ∼ 100] 15 8
150213001 4.096 ± 0.091 (2.88 ± 0.01) × 10−5 n6n7(n8)b1 −1 ∼ 10 [−25 ∼ −10, 20–40] 23 11
150314205 10.688 ± 0.143 (8.16 ± 0.01) × 10−5 n1(n9)b1 −1 ∼ 15 [−25 ∼ −10, 30 ∼ 50] 16 11
150510139 51.904 ± 0.384 (9.86 ± 0.01) × 10−5 n0(n1)n5b0 −1 ∼ 50 [−25 ∼ −10, 100 ∼ 130] 22 16
150902733 13.568 ± 0.362 (8.32 ± 0.01) × 10−5 (n0)n1n3b0 −1 ∼ 25 [−25 ∼ −10, 30 ∼ 60] 17 9
151021791 7.229 ± 0.602 (1.23 ± 0.01) × 10−5 n9(na)b1 −1 ∼ 10 [−25 ∼ −10, 30 ∼ 50] 9 5
160216801 7.677 ± 0.571 (9.90 ± 0.02) × 10−6 (n9)nanbb1 −1 ∼ 15 [−20 ∼ −10, 40 ∼ 60] 13 6
160530667 9.024 ± 3.584 (9.19 ± 0.01) × 10−5 n1(n2)n5b0 −1 ∼ 25 [−40 ∼ −10, 40 ∼ 100] 21 12
170114917 12.032 ± 1.305 (1.82 ± 0.01) × 10−5 n1(n2)nab0 −1 ∼ 15 [−20 ∼ 10, 80 ∼ 100] 11 7
170921168 39.361 ± 4.481 (6.56 ± 0.03) × 10−5 (n1)n2n5b0 −1 ∼ 40 [−20 ∼ −10, 40 ∼ 60] 8 6
171210493 143.107 ± 2.573 (8.08 ± 0.01) × 10−5 n0(n1)n2b0 −1 ∼ 100 [−30 ∼ −10, 210 ∼ 240] 13 9
180305393 13.056 ± 0.810 (5.80 ± 0.01) × 10−5 n1(n2)nab0 −1 ∼ 20 [−20 ∼ −10, 40 ∼ 60] 12 5

Note. A sample of 23 long GRBs and one short GRB including 24 individual pulses used in this study. Column (1) lists GRB name, Column (2) lists the
corresponding duration, Column (3) lists the fluence at 10–1000 keV, Column (4) lists the detectors used, and Columns (5) and (6) list the source and background
intervals used in the analysis. Columns (7) and (8) list the number of time bins using the BBlocks method across the source interval, and the number of time bins with
statistical significance S > 15 selected from the decay wing of the pulses. The detector in brackets is the brightest one, used for background and BBlock fits.
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adopting the maximum-likelihood estimation (MLE)
technique. The energy flux in such narrow time bins thus
can be also calculated from the best fits, with a k-
correction (1–104 keV) applied.7

2. Determine the entire time interval of the decay wing of
the pulses. In order to determine the entire time interval
of the decay wing of the pulses, one needs to determine
the peak times of the pulses. The peak times of the pulses
can be roughly obtained by using the FRED model to fit
their pulse lightcurves as we discussed in Section 3.1. We
find that the peak time determined by the FRED model
for a good fraction of our sample can exactly match the
true peaks of pulses (e.g., GRB 110920546). However,
there are still some bursts whose peak times determined
by the FRED model do not exactly describe the true
peaks of the pulses.8 Therefore, we use two selection
criteria. First, for the cases where the peak times
determined by the FRED model can exactly match the
true peaks of pulses, we use these values (see the vertical
yellow dashed lines in Figure 1). That is, as long as the
peak time (tp) of a certain pulse is obtained from the

FRED model fits, the time window of the decaying wing
of the pulse can be determined as tp− tstop, where tstop is
the end time of a pulse. The stop time of the decay wing
of a certain pulse can be precisely determined by the stop
time of the last time bin that satisfies S> 15. Second, for
the cases whose peak times determined by the FRED
model do not exactly describe the true peaks of the
pulses, we inspect the peak times from their lightcurves
by eye (see the vertical black dashed lines in Figure 1).
We define this phase as “Phase I” throughout the paper.

3. Determine the late-time interval of the decay wing of the
pulses. Physically, the decay for prompt emission may not
be fully controlled by the curvature effect. As shown in the
theoretical modeling in Uhm & Zhang (2016b) and Uhm
et al. (2018), the spectral lags are not caused by the
curvature effect, and the temporal peaks of the pulses are
often related to the time when the characteristic energy
crosses the gamma-ray band as it decays with time. One
possible test for this is to see whether the temporal peaks of
the lightcurves for different GBM detectors that have
different energy ranges occur at different times. We
therefore compare the Na I (8 keV–1MeV) and BGO
(200 keV–40MeV) lightcurves for each individual burst, as
shown in Figure A3. We find that in many cases in our
sample the peak times are clearly shifted between two
different detectors (GRB 081224887, GRB 110721200,
GRB 120426090, GRB 160216801, GRB 170921168, and
GRB 171210493), indicating that the peaks of the pulses are

Table 2
Results of Lightcurve (Pulses) Fitting of Our Sample with FRED Model

GRB Time Res tstart ∼ tstop S Ip t0 tp r d χ2/dof AIC BIC
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

081224887 0.128-s 0 ∼ 10 100.96 4413 ± 59 0 1.04 ± 0.06 0.18 ± 0.03 1.10 ± 0.24 33/73 −1241 −1232
090620400 0.128-s 0 ∼ 20 46.40 2216 ± 45 0 3.19 ± 0.20 0.38 ± 0.05 1.45 ± 0.38 324/151 −2144 −2132
090719063 0.128-s 0 ∼ 25 117.04 4629 ± 99 0 3.79 ± 0.16 0.56 ± 0.06 2.25 ± 0.43 774/190 −3137 −3124
090804940 0.128-s 0 ∼ 10 97.93 4245 ± 84 0 1.88 ± 0.08 0.56 ± 0.06 2.27 ± 0.51 117/73 −1270 −1260
100707032 0.256-s 0 ∼ 30 138.83 6407 ± 83 0 1.68 ± 0.05 0.86 ± 0.06 0.70 ± 0.02 66/112 −2118 −2107
110721200 0.128-s 0 ∼ 10 112.92 3865 ± 68 0 1.28 ± 0.07 0.28 ± 0.03 2.62 ± 0.86 77/73 −1269 −1260
110920546 1.024-s 0 ∼ 150 54.53 3172 ± 16 0 9.95 ± 0.32 0.28 ± 0.02 0.28 ± 0.01 80/141 −2242 −2230
120323507 0.032-s 0 ∼ 1 177.24 63949 ± 2469 0 0.04 ± 0.002 0.52 ± 0.07 2.40 ± 0.42 191/26 −710 −704
120426090 0.064-s 0 ∼ 6 145.48 8927 ± 182 0 1.04 ± 0.03 0.87 ± 0.07 3.65 ± 0.61 726/89 −1759 −1749
130305486 0.128-s 0 ∼ 20 54.24 2901 ± 72 0 4.63 ± 0.23 0.81 ± 0.10 1.78 ± 0.41 684/151 −2233 −2221
130614997 0.128-s 0 ∼ 10 59.80 3158 ± 57 0 0.22 ± 0.09 0.04 ± 0.02 1.89 ± 0.73 49/73 −1260 −1251
131231198 0.512-s 0 ∼ 60 324.86 5324 ± 169 0 24.76 ± 0.57 3.34 ± 0.37 3.17 ± 0.50 1875/112 −1878 −1867
141028455 0.256-s 0 ∼ 50 68.31 2085 ± 45 0 11.57 ± 0.57 0.77 ± 0.09 1.46 ± 0.30 784/190 −2613 −2600
150213001 0.064-s 0 ∼ 6 295.19 17545 ± 570 0 2.08 ± 0.05 1.93 ± 0.19 10.00 ± 3.76 1692/89 −1805 −1795
150314205 0.128-s 0 ∼ 20 177.73 7426 ± 133 0 1.85 ± 0.06 0.72 ± 0.06 1.41 ± 0.10 386/151 −2813 −2801
150510139 0.256-s 0 ∼ 50 96.98 5796 ± 242 0 0.08 ± 0.01 0.57 ± 0.15 0.26 ± 0.01 296/190 −2904 −2891
150902733 0.128-s 0 ∼ 25 137.63 4538 ± 121 0 8.44 ± 0.23 1.67 ± 0.16 3.72 ± 0.80 1794/190 −3069 −3056
151021791 0.128-s 0 ∼ 10 63.15 3672 ± 83 0 0.80 ± 0.05 0.51 ± 0.07 0.82 ± 0.07 96/73 −1242 −1233
160216801 0.128-s 0 ∼ 15 98.56 4676 ± 139 0 3.97 ± 0.14 1.37 ± 0.15 3.05 ± 0.63 1064/112 −1865 −1854
160530667 0.128-s 0 ∼ 20 228.04 12390 ± 148 0 5.93 ± 0.04 3.83 ± 0.15 3.01 ± 0.12 1671/151 −3119 −3107
170114917 0.128-s 0 ∼ 10 76.96 3269 ± 100 0 2.05 ± 0.14 0.75 ± 0.13 1.33 ± 0.33 261/73 −1131 −1122
170921168 0.256-s 0 ∼ 50 68.47 2975 ± 41 0 4.35 ± 0.25 0.21 ± 0.03 1.11 ± 0.17 241/190 −2929 −2916
171210493 0.512-s 0 ∼ 100 93.34 2798 ± 24 0 5.24 ± 0.17 0.61 ± 0.04 0.36 ± 0.01 58/190 −2973 −2960
180305393 0.128-s 0 ∼ 20 95.60 3941 ± 82 0 4.65 ± 0.18 0.84 ± 0.09 2.04 ± 0.39 647/151 −2395 −2383

Note. Column (1) lists GRB name; Column (2) lists the time resolution used (Time Res) of the count-rate lightcurve of each burst; Column (3) lists the start and stop
times of the pulses, in units of s; Column (4) lists the significance S of the entire pulse; Columns (5)–(9) list the best-fit parameters for the FRED model: normalization
Ip, the zero time t0, the peak time tp of pulses, and the rise r and decay d timescale parameters; Column (10) lists the reduced χ2/dof; Column (11) lists the AIC
statistic; Column (12) lists the BIC statistic.

7 Note that the energy flux obtained from different spectral models (Band and
cutoff power law (CPL)) for the same time bin is very similar (Li 2019a; Li
et al. 2020).
8 This is because some pulse lightcurves do not show an “ideal” asymmetric
fast-rising and exponential-decay shape (e.g., GRB 090719063). In these cases,
usually the true peak time of the pulse is apparently later than that derived from
the FRED model.
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Figure 1. Lightcurves of the pulses in our sample. For each panel, the left axis marks the energy flux. Its evolution is marked in orange. The best fits for Phase I are
indicated with the purple dashed lines, while those for Phase II are indicated with green solid lines. The right axis displays the count flux. The count lightcurves are in
gray, overlaid with the best FRED model fits (cyan). The vertical yellow dashed line is the peak of the FRED fitting curve. The vertical black dashed line is the peak
time identified by eye by inspecting the BBlock energy flux.
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Figure 1. (Continued.)
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Figure 1. (Continued.)
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indeed related to crossing of a spectral break.9 For these
bursts, the curvature effect does not kick in right after the
peak. It may show up later in some bursts or would not
show up at all in some others. When they show up, they
may be related to the later part of the decay, usually not
related to the decay right after the peak time. This brings
an additional difficulty (other than the fact that the decay
phase is usually short for prompt-emission pulses) in
studying the curvature effect with the prompt-emission
data. Besides testing the entire decay phase, we also
adopt a more conservative approach by only testing the
late-part time interval of the decay phase. Quantitatively,
we only consider the last three time bins with S> 15. In
practice, when a certain model is used to fit the data, the
number of data points N should be greater than the
number of variables Nvarys of the model in order to get a
good fitting result. The power-law model we use has two
variables: amplitude and power-law index. This is why
we include at least three data points in the fits. We define
this phase as “Phase II” throughout the paper.

4. After the time intervals are clearly defined in the
aforementioned two cases, we then perform two fits10 (see
Figure 1): one uses a power-law model to fit the entire
decay phase and obtain a temporal decay index defined as
â ;PL

I the other uses a power-law model to fit the later part
of the decay to obtain a temporal decay index defined as
âPL

II . The power-law function we use to fit the lightcurves
in order to obtain the â indices is given by

( ) ( )ˆ= + a-F F t t , 4t t,0 0

where Ft,0 is the amplitude and â is the temporal slope.
The t0 parameter is fixed in the beginning of the pulse
(t0= 0) for all cases in this task because this is physically
more relevant (Zhang et al. 2006; Uhm & Zhang 2015).
Note that the peak time tp does not enter the problem of
defining â, so the inaccurate determination of tp in the
pulse lightcurve fitting does not noticeably affect our
results. All these lightcurve fits are performed using a
pure Python package called lmfitt (Newville et al. 2016)
by applying a nonlinear least-squares method using the
Levenberg–Marquardt algorithm to fit a function to the
data. Within lmfitt fits, we can set parameters with a
varied or fixed value in the fit, or place an upper or lower
bound on the value. The weight of parameter error is also
easily taken into account in the fits. In Figure A2, we also
use GRB 131231198 as an example case to compare the
fitting results obtained from different Python packages
(lmfit and scipy. optimize. curve_fit).

The start and stop times of each selected time interval
(Column 2), the corresponding S value (Column 3), the adopted
zero time t0 (Column 4), the best-fit parameters, include the
normalization (Column 5), the power-law index (Column 6),
and the AIC and BIC statistics (Column 7) are listed in Table 3.

For each burst, the entire decay phase is marked with (1) and
the late-part decay phase is marked with (2).

3.3. Method to Measure Spectral Indices with a Simple Power-
law Model

The GRB prompt-emission spectra are likely curved. How-
ever, since the simplest curvature-effect model (Equation (1))
applies to single power-law spectral models, we first apply a
simple power-law fit to the time bins where the curvature effect
is tested:

( )ˆn=n n
b-F F , 5,0

where Fν,0 is the amplitude and b̂ is the spectral index. The
spectral analysis is performed using a pure Python package
called the Multi-Mission Maximum Likelihood Framework
(3ML; Vianello et al. 2015). The best model parameters can be
evaluated using a given model to fit the data by applying either
the MLE technique or the full Bayesian approach. Usually the
best-fit results obtained from both methods are the same.11

We attempt two fits using the simple power-law model. One
is to select the entire decay phase as the time interval to
perform the spectral fit. The spectral index obtained this way is

defined as b̂PL
I
. The other is to select the later part of the decay

as the time interval. The spectral index thus obtained is defined

as b̂PL
II
.

For each spectral fit, we employ a fully Bayesian approach to
explore the best parameter space and to obtain the best-fit
parameters. The best-fit parameters, including the normal-
ization (Column 8) and the power-law index (Column 9), as
well as the deviance information criterion (DIC; Moreno et al.
2013; Column 10) and pDIC (Gelman et al. 2014; Column 10),
are tabulated in Table 3.

3.4. Method to Measure Spectral Indices with a General Non-
power-law Spectral Model

The aforementioned discussion invokes the simplest curva-
ture-effect model, which assumes that the instantaneous
spectrum of the prompt-emission tail is a simple power law.
In this case, the predicted temporal decay and the spectral
indices satisfy the simplest closure relation (Equation (1)).
However, the instantaneous spectrum upon the cessation of
prompt emission is likely not a simple power law, but it may
follow a non-power-law model such as the Band function (e.g.,
Band et al. 1993). The characteristic frequency νc may not be
far outside the GBM spectral window. In this case, testing the
curvature effect would become more complicated.
We also test the curvature effect using the more complicated

model as described in Zhang et al. (2009). We consider that for
each time bin the photon flux can be described by a power-law
spectrum with an exponential cutoff. This spectrum has one
parameter less than the Band function and is found to be9 Several other bursts, for example, GRBs 090620400, 090804940,

110920546, 130614997, 150510139, and 170114917, are consistent with
having the same peak times in different bands. The HLE may come into play
right after the peak time.
10 Note that we present the [log (Flux), time] plots in Figure 1 since the count
lightcurve before the GBM trigger relates to negative time. However, the
power-law fits invoke the [log (Flux), log(time)] plots, so we give an example
to show the [log (Flux), log(time)] plots (see Figure A4).

11 There are some unexpected cases. For example, the prior range for the
Bayesian inference is not included in the real solution; namely, the prior
settings are not very informative, or the analyzed time bin has a low
significance (e.g., S < 15) or low peak energy (e.g., Ep < 20 keV). We refer to
Li (2019a, 2019b, 2020) and Li et al. (2020) for the details of the data reduction
procedure.
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Ĝ

E
c

D
IC
/p

D
IC

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0)

(1
1)

(1
2)

(1
3)

(1
4)

(1
5)

17
09

21
16

8(
2)

15
.7
07

∼
25

.6
54

43
.7
6

0
(1
.3
8
±

0.
03

)
×

10
−
6

2.
40

±
0.
14

−
10

1/
−
10

3
(1
.7
5 -+

0.
02

0.
02
)
×

10
−
2

1.
00

-+
0.

00
0.

00
65

27
/0
.9
9

(3
.8
1
±

0.
43

)
×

10
−
2

15
.7
07

1.
73

±
0.
05

10
5.
0
±

13
.1

61
47
/2

.0
5

17
12

10
49

3(
1)

5.
23

7
∼

13
7.
10

9
74

.1
0

0
(2
.2
8
±

0.
02

)
×

10
−
6

1.
20

±
0.
02

−
31

0/
−
30

9
(1
.1
1 -+

0.
03

0.
03
)
×

10
1

0.
59

-+
0.

01
0.

01
10

38
0/
2.
03

L
L

L
L

L
17

12
10

49
3(
2)

64
.3
34

∼
13

7.
10

9
27

.5
1

0
(1
.3
2
±

0.
04

)
×

10
−
7

1.
65

±
0.
11

−
11

3/
−
11

4
9.
59

-+
0.

72
0.

73
0.
78

-+
0.

02
0.

02
81

45
/2
.0
2

L
L

L
L

L
18

03
05

39
3(
1)

3.
44

9
∼

16
.5
37

10
1.
51

0
(2
.7
2
±

0.
86

)
×

10
−
6

1.
69

±
0.
40

−
18

1/
−
18

1
(1
.6
0 -+

0.
03

0.
03
)
×

10
1

0.
36

-+
0.

00
0.

00
11

37
8/
1.
98

L
L

L
L

L
18

03
05

39
3(
2)

8.
93

3
∼

16
.5
37

35
.6
3

0
(4
.7
8
±

0.
33

)
×

10
−
7

3.
72

±
0.
24

−
10

1/
−
10

3
(1
.2
7 -+

0.
07

0.
07
)
×

10
1

0.
53

-+
0.

01
0.

01
57

10
/2
.0
0

(6
.0
5
±

0.
73

)
×

10
−
2

8.
93

3
0.
47

±
0.
07

80
.5

±
7.
0

53
12
/2

.3
1

N
ot
e.
C
ol
um

n
(1
)
lis
ts
th
e
G
R
B
na
m
e;
C
ol
um

n
(2
)
lis
ts
th
e
st
ar
t
an
d
st
op

tim
es

of
th
e
de
ca
y
ph

as
es

(i
n
un

its
of

s)
;
C
ol
um

n
(3
)
lis
ts
th
e
st
at
is
tic
al
si
gn

ifi
ca
nc
e
S;

C
ol
um

n
(4
)
lis
ts
th
e
m
od

el
pa
ra
m
et
er

t 0
as

de
sc
ri
be
d
in

E
qu

at
io
ns

(4
),
(7
),
an
d
(8
),
w
hi
ch

w
e
fi
xe
d
to

ze
ro
;C

ol
um

ns
(5
)–
(7
)l
is
tt
he

be
st
-fi
tp

ar
am

et
er
s
fo
r
th
e
po

w
er
-l
aw

m
od

el
in

E
qu

at
io
n
(4
):
th
e
no

rm
al
iz
at
io
n
F
t,
0
(i
n
un

its
of

er
g
cm

−
2
s−

1
),
th
e
po

w
er
-l
aw

in
de
x
â
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adequate to describe the GRB spectra during the decay phase12:

⎛
⎝⎜

⎞
⎠⎟

⎧⎨⎩
⎡
⎣⎢

⎤
⎦⎥

⎫⎬⎭( ) ( ) ( ) ( )
ˆ

= -
-G

N E t N t
E

E

E

E t
, exp , 6

c
0

piv

where ˆ b̂G = + 1 is the power-law photon index, Epiv

is the pivot energy fixed at 100 keV, and ( ) =N t0

[( ) ( )] ( ˆ )- - - +GN t t t t0,p 0 p 0
1 is the time-dependent photon

flux (in units of photons keV−1 cm−2 s−1) at 100 keV (see
also Equation (7) in Zhang et al. 2009). For such a spectrum,
the standard curvature effect predicts

⎛
⎝⎜

⎞
⎠⎟( ) ( )=

-
-

-

E t E
t t

t t
7c c,p

0

p 0

1

where Ec,p= Ec(tp), t0 is fixed to zero, and tp is the beginning of
the decay of the pulses; and

⎛
⎝⎜

⎞
⎠⎟( ) ( )=

-
-

n n

-

F t F
t t

t t
8c c p, , ,

0

p 0

2

where Fν,c(t)= Ec(t)Nc(t) and Fν,c,p= Ec,pNc,p, where
( ) ( ) ( )( ) ( )ˆ= = --GN t N E t N t E E, exp 1c c 0 c piv , which is calcu-

lated using Equation (6) when E is at cutoff energy Ec, and
( ) ( )( ) ( )ˆ= = --GN N E t N t E E, exp 1c,p c p 0 p c piv , which is cal-

culated at time tp and cutoff energy Ec.
With Equations (7) and (8), one can also get a direct relation

between Fν,c(t) and Ec(t):

( ) ( ) ( )=nF t
N

E
E t . 9c,

c, p

c,p
c
2

From the data, the time-dependent parameters Ec(t) and
Fν,c(t) can be directly measured. One can then directly compare
the data against the model predictions in Equations (7)–(9).

4. Results

4.1. The Case of Power-law Spectra

For the case of power-law spectra, as discussed above, we
measure the temporal indices for two phases (Phase I and II)
and their corresponding spectral indices (using a time-
integrated spectrum throughout the decay phase). The results
are as follows:

1. Entire decay phase (Phase I): The parameter set
( ˆ ˆa b-PL

I
PL
I
) is presented as orange dots in Figure 2.

Eight out of 24 cases satisfy the inequality ˆ ˆa b+ 2 .
These bursts are GRB 090620400, GRB 090719063,
GRB 130305486, GRB 131231198, GRB 141028455,
GRB 150213001, GRB 150902733, and GRB
160530667. Other bursts are below the line, suggesting
that not the entire decay segment can be attributed to the
curvature effect for these bursts, which is quite reasonable

in view of the modeling presented in Uhm & Zhang
(2016b) and Uhm et al. (2018).

2. Late-part decay phase (Phase II): The parameter set
( ˆ ˆa b-PL

II
PL
II
) is presented as blue dots in Figure 2.

Upward of 11 out of 24 cases now satisfy the inequality
ˆ ˆa b+ 2 . These bursts include GRB 090620400, GRB
090804940, GRB 120426090, GRB 131231198, GRB
141028455, GRB 150314205, GRB 150510139, GRB
150902733, GRB 160530667, GRB 170921168, and
GRB 180305393. This suggests that three additional
bursts have the curvature effect showing up during the
last three data points, while the remaining 13 bursts
still do not have the HLE turned on by the end of the
observed pulse.

One immediate observation is that a good fraction of our
sample has entered the ˆ ˆa b> +2 regime. Since the HLE
curvature effect defines the steepest decay index allowed in a
GRB pulse, the results strongly suggest that the emission
region is undergoing bulk acceleration in the region where
prompt emission is released. We calculated the distance of this
region from the central engine, RGRB, using Equation (2) and
found that they are typically ∼1015–1016 cm for a typical
Lorentz factor Γ∼ 100 (Table 4). In this region, it is impossible
to have thermally driven bulk acceleration. The only possibility
is that the jet is Poynting-flux dominated in the region, and the
GRB emission is powered by the dissipation of a Poynting flux
(Zhang & Yan 2011). About one-half of the dissipated energy
is released as GRB emission, while the other one-half is used to
accelerate the ejecta. This conclusion is consistent with
previous results from prompt-emission spectral-lag analysis
(Uhm & Zhang 2016b) and the curvature-effect test of X-ray
flares (Jia et al. 2016; Uhm & Zhang 2016a).
A few bursts (GRB 081224887, GRB 090719063, GRB

100707032, GRB 110721200, and GRB 110920546) have
been reported in some previous studies (Iyyani et al. 2013,
2015, 2016; Li 2019b) to require an additional thermal
component in order to produce acceptable spectral fits. The
thermal component is also included in our analysis for these
bursts. For a self-consistency test, it is worth noting that these
GRBs do not qualify for our Phase II sample and only one burst
(GRB 090719063) is included in our Phase I sample. The
results imply that the emission in these bursts may be
dominated by other mechanisms (e.g., photosphere emission).
The existence of a thermal component is consistent with a
lower magnetization in the jet (Gao & Zhang 2015).
We notice that six cases (GRB 090804940, GRB

120426090, GRB 150314205, GRB 150510139, GRB
170921168, and GRB 180305393) are not included in the
Phase I sample but are included in the Phase II sample,
indicating that the curvature effect may only dominate the later
part of emission for these bursts. It is also interesting to note
that three cases (GRB 090719063, GRB 130305486, and GRB
150213001) are included in the Phase I sample but not in the
Phase II sample. These may be spurious cases, which may have
contamination from another emission episode. Our analysis
below confirms this speculation.

4.2. The Case of Cutoff Power-law Spectra

In total, 14 bursts (including eight cases in the Phase I
sample and 11 cases in the Phase II sample, noticing that some
cases appear in both samples) meet the HLE-dominated

12 Previous studies show that the CPL model is a sufficient model for the
majority of GRB spectra (e.g., Yu et al. 2019; Li et al. 2020). On the other
hand, GRBs usually exhibit strong spectral evolution. In order to best
characterize the spectral shape, one needs to introduce an evolving spectral
model within a burst or even within a pulse (Li et al. 2020). For simplicity, we
perform the HLE test only considering the CPL model. We also notice that
there are clear predictions for α evolution for HLE if the emergent spectrum is
indeed described by the Band function, which has been studied by some
authors (e.g., Genet & Granot 2009).
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criterion based on the power-law spectral analysis. These bursts
are our primary interest. Our next step is to study these bursts in
detail by investigating their compliance with the curvature-
effect predictions in the more complicated cutoff power-law
model using a time-dependent analysis.

To test whether the CPL can account for the observed data as
well, we adopt the following procedures:

1. We first apply the CPL model to fit the spectral data for
these cases using the same episodes as the PL model to
check whether the CPL model can improve the spectral fit
results compared with the PL model. We find that the
CPL fits are much better than the PL fits for all these
cases by comparing the DIC statistic. We report our
results in Table 3. For each individual fit, we fix t0 to zero
and tp to the starting time of Phase I or Phase II. The best-
fit parameters, including t0 (fixed, Column 4), N0,p

(Column 11), tp (fixed, Column 12), Γ index (Column
13), and cutoff energy Ec (Column 14), as well as the
DIC (Column 15) and pDIC statistics (Column 15), are
listed in Table 3.

2. Theoretically, we consider the evolution of Ec and Fν,c

according to Equations (7) and (8) as predicted by the
HLE curvature-effect theory (for a constant Γ). The
predicted parameter evolution curves for both Fν,c(t) and
Ec(t) are plotted in the left panel of Figure 3 for each case
to be directly compared with the data. In the right panel
of Figure 3, we plot the theoretically predicted Ec− Fν,c

relation for each case to be directly compared with the
observations.

3. The observed parameters for each time slice, including
N0(t), Γ, and Ec(t), have been obtained by applying Step
(1) in Section 3.2. Since we consider the case at the
characteristic energy Ec, one needs to obtain Fν,c(t) and
Ec(t). The characteristic energy Ec is straightforwardly
obtained, and Fν,c(t) is derived using Equation (8). For
this step, Nc,p is calculated at peak time tp with
characteristic energy Ec using Equation (6).

4. Test the model with observed data. Through Step (3), the
observed data points are available in the forms of [Fν,c(t),
t], [Ec(t), t], and [Fν,c(t), Ec(t)]. The [Fν,c(t), t], [Ec(t), t]
data points are plotted in the left panel of Figure 3, and
the [Fν,c(t), Ec(t)] data points are plotted in the right panel
of Figure 3 for each burst. They are directly compared
with the model predictions.

Figure 2. Testing the closure relation of the curvature effect in the decaying wing using prompt-emission data. The closure relation between the temporal index â and

the spectral index b̂ (Kumar & Panaitescu 2000), that is, â  2 + b̂ , is marked as the solid green line, with the convention ˆ ˆnµn
a b- -F tobs

obs obsobs . The orange and blue colors
indicate different decay phases, Phase I and Phase II, respectively, as defined in the text. The shaded area stands for ˆ ˆa b> +2 , which requires bulk acceleration in
the emission region.

Table 4
Estimation of GRB Emission Radius Using High-latitude Emission

GRB Γ2 z tHLE
I RGRB

I tHLE
II RGRB

II

(used) (used) (s) (cm) (s) (cm)
(1) (2) (3) (4) (5) (6) (7)

090620400 1.0 1.0 4.11 1.2 × 1015 3.48 1.0 × 1015

090719063 1.0 1.0 5.06 1.5 × 1015 L L
090804940 1.0 1.0 L L 2.01 0.6 × 1015

120426090 1.0 1.0 L L 1.14 0.3 × 1015

130305486 1.0 1.0 13.79 4.1 × 1015 L L
131231198 1.0 0.642 22.36 6.7 × 1015 6.79 2.0 × 1015

141028455 1.0 2.33 8.54 2.6 × 1015 5.30 1.6 × 1015

150213001 1.0 1.0 2.22 0.7 × 1015 L L
150314205 1.0 1.758 L L 2.59 0.8 × 1015

150510139 1.0 1.0 L L 10.63 3.2 × 1015

150902733 1.0 1.0 8.03 2.4 × 1015 5.20 1.6 × 1015

160530667 1.0 1.0 6.89 2.1 × 1015 3.74 1.1 × 1015

170921168 1.0 1.0 L L 4.97 1.5 × 1015

180305393 1.0 1.0 L L 3.80 1.1 × 1015

Note. Column (1) lists the GRB name. Column (2) lists the Γ values used,
where we adopted a typical value (Γ2 = 1) for all cases. Column (3) lists the
redshift used; a majority of bursts in our sample have no redshift observations,
so we adopt a typical value (z = 1) instead. Column (4) lists the duration of the
HLE in the source frame for “Phase I,” which is calculated using the observed
HLE duration divided by (1+z). Column (5) lists the GRB emission radius
RGRB for Phase I, derived using Equation (2). Again, Column (6) lists the
duration of the HLE in the source frame for Phase II, and Column (5) lists the
GRB emission radius RGRB for Phase II.
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Figure 3. Testing the non-power-law curvature-effect model developed in Zhang et al. (2009) with observed data. The two panels in each row represent one individual
pulse. Left panels: the cyan data points indicate the temporal evolution of the flux density Fν,c(t) at the characteristic energy Ec(t), while the pink data points indicate
the evolution of the characteristic energy Ec(t). The cyan and pink solid lines represent the relevant theoretical predictions. Right panels: the orange data points indicate
the data observed in the [Fν,c(t), Ec(t)] plane, while the green line represents the theoretical prediction between the two parameters.
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Figure 3. (Continued.)
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Figure 3. (Continued.)
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From the left panel in Figure 3, we can see that, except for
several apparent cases that violate the predictions (090719063,
090804940, 130305486, 150213001, 150902733, 170921168),
all other data points are generally consistent with the model
predictions. The data of some bursts (090620400, 120426090,
150510139) match the constant Γ predictions well, suggesting
that they are consistent with HLE emission with no significant
acceleration. Some other cases (131231198, 141028455,
150314205, 160530667, 180305393) have either Ec(t) or
Fν,c(t) below the model prediction lines, consistent with the
bulk acceleration in the emission region. For both cases, the
[Fν,c(t), Ec(t)] test generally satisfies the model prediction
(Equation (9)) within error. This is consistent with Z. Uhm &
B. Zhang (2018, unpublished) and D. Tak et al. (2020, in
preparation), who first performed such a test and showed that
Equation (9) is generally valid regardless of bulk Lorentz factor
evolution in the emission region.

It is interesting to note that the three cases (GRB 090719063,
GRB 130305486, and GRB 150213001) that are in the Phase I
sample but not in the Phase II sample indeed do not satisfy the
simple model predictions in the [Fν,c(t), Ec(t)] test, supporting
that the cases are spurious.

5. Conclusions and Discussions

In this paper, we have tested the HLE curvature effect using
the prompt-emission data. We selected 24 single-pulse GRBs
detected by Fermi that are ideal for performing such a test. In
order to avoid the t0 effect and the overlapping effect, we
focused on the single-pulse cases. In order to make the physical
inferences trustworthy, we only selected the bursts with high

statistical significance. In order to determine the temporal peaks
(tp) of the pulses so that the starting time of the decay phase can
be estimated, we employed the FRED model to fit the count-
rate lightcurves for our sample. The time window of the entire
decay phase is thus determined. Since the curvature effect is
more likely to dominate the late-part emission of the decay
phase, we are also concerned with such late-time segments. For
the most conservative approach, we only selected the time
intervals of the last three time bins with S> 15 to conduct the
HLE test.
We then used two methods to measure the temporal indices

and corresponding spectral indices: âPL
I and b̂PL

I
as derived

from the entire decay phase, and âPL
II and b̂PL

II
as derived from

the late-time decay phase. We perform the HLE curvature
effect during these two phases. Using the simple power-law
spectral analysis, we tested the ˆ – ˆa bPL PL relation. We found
that five out of 24 pulses for Phase I (except for three spurious
cases as we discussed in Section 4) and 11 out of 24 pulses for
Phase II are consistent with the curvature effect. Some fall into
the regime that requires bulk acceleration in the emission
region.
We further test these candidate HLE-dominated pulses using

a more complicated HLE model (Zhang et al. 2009), invoking
cutoff power-law fits to the time-dependent spectra. We
confirm that the HLE effect is still valid for most of the cases,
and that some of them indeed showed evidence of bulk
acceleration in the emission region.
Based on the duration of the HLE-dominated emission, we

estimated the radius of the emission region from the central
engine. For a typical bulk Lorentz factor, the radius RGRB is

Figure 3. (Continued.)
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typically of the order of 1015–1016 cm, which is much greater
than the photosphere radius and the standard internal shock
radius.

The evidence of bulk acceleration and a large emission
radius in these bursts is fully consistent with the GRB prompt-
emission models invoking direct dissipation of a Poynting flux
to power γ-ray emission (e.g., Zhang & Yan 2011). This
suggests that at least for some GRBs, the jet composition is
Poynting-flux dominated at the central engine and even in the
emission region. This conclusion is consistent with previous
independent modeling of GRB spectral lags (Uhm &
Zhang 2016b) and Ep evolution patterns (Uhm et al. 2018),
the HLE test for a sample of X-ray flares (Jia et al. 2016; Uhm
& Zhang 2016a), and the nondetection of high-energy
neutrinos from GRBs (Zhang & Kumar 2013; Aartsen et al.
2017). Our analysis is also consistent with the recent
investigations of Z. Uhm & B. Zhang (2018, unpublished)
and D. Tak et al. (2020, in preparation).

We appreciate the valuable comments from the anonymous
referee, and we thank Dr. Yu Wang for useful discussions on
lmfit. This research made use of the High Energy Astrophysics
Science Archive Research Center (HEASARC) Online Service
at the NASA/Goddard Space Flight Center (GSFC).

Facility: Fermi/GBM.
Software: 3ML (Vianello et al. 2015), matplotlib (Hunter

2007), lmfit (Newville et al. 2016).

Appendix

In this appendix, we provide additional figures. Figure A1
shows count-rate lightcurves with the best-fit results using the
FRED model.
In addition to the FRED model with a given t0, another five-

parameter (F0, tb, α1, α2, ω) model, the smoothly broken power
law (BKPL), may also be used to characterize the pulse shape:
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where α1, and α2 are the temporal slopes, tb is the break time,
Fb= F0 2

−1/ω is the flux of the break time, and ω describes the
sharpness of the break. Note that the smaller the ω parameter,
the smoother the break, and it is often fixed as 3. On the
other hand, several other similar Python packages (e.g.,
scipy. optimize. curve_fit and kmpfit) may also be competent
to carry out the current task. Figure A2 shows the fit results
of the lightcurve of GRB 131231198, compared with the
different models (FRED and BKPL) or packages (lmfit and
scipy. optimize. curve_fit), or the same model (BKPL) set up
with different ω values (ω= 1, ω= 3, and ω= 10).
Figure A3 displays the comparison of the count lightcurves

for different GBM detectors. Figure A4 gives an example to
show the [log (Flux), log(time)] plots, as compared with the
[log (Flux), time] plots in Figure 1.
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Figure A1. Count-rate lightcurves, as well as their best-fit results using the FRED model. Solid points connected by the black solid line represent the lightcurve, while
the cyan solid lines are the best FRED model fits. The peak times obtained from the best-fit FRED model are indicated by the yellow vertical dashed line. Solid points
connected by the pink dashed line represent the time bins selected using the BBlocks method.
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Figure A1. (Continued.)
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Figure A1. (Continued.)
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Figure A2. Example of the best fits of the count-rate lightcurve for GRB 131231198 with different models (comparing FRED with BKPL) or packages used
(comparing lmfit with scipy. optimize. curve_fit) or the same BKPL model with different ω values (comparing ω = 1, ω = 3, and ω = 10). The points connected by the
black solid line represent its 512 ms count-rate lightcurve. Solid curves with different colors indicate the lmfit cases (orange: BKPL model with fixed ω = 1; violet:
BKPL model with fixed ω = 3; pink: BKPL model with fixed ω = 10; green: FRED model), while dashed lines indicate the scipy. optimize. curve_fit cases (yellow:
BKPL model with fixed ω = 3; cyan: FRED model). The reduced chi-squared is calculated by assuming its uncertainties with a typical value: 10% of the values of its
data points.
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Figure A3. Comparison of the count lightcurves for different GBM detectors (Na I and BGO). For each individual burst, the vertical magenta dashed lines are the peak
times of two detectors identified by eye by inspecting the flux.
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Figure A3. (Continued.)
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Figure A3. (Continued.)
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Figure A3. (Continued.)
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Abstract

Gamma-ray bursts (GRBs) are highly variable and exhibit strong spectral evolution. In particular, the emission
properties vary from pulse to pulse in multipulse bursts. Here we present a time-resolved Bayesian spectral analysis
of a compilation of GRB pulses observed by the Fermi/Gamma-ray Burst Monitor. The pulses are selected to have
at least four time bins with a high statistical significance, which ensures that the spectral fits are well determined
and spectral correlations can be established. The sample consists of 39 bursts, 117 pulses, and 1228 spectra. We
confirm the general trend that pulses become softer over time, with mainly the low-energy power-law index α
becoming smaller. A few exceptions to this trend exist, with the hardest pulse occurring at late times. The first
pulse in a burst is clearly different from the later pulses; three-fourths of them violate the synchrotron line of death,
while around half of them significantly prefer photospheric emission. These fractions decrease for subsequent
pulses. We also find that in two-thirds of the pulses, the spectral parameters (α and peak energy) track the light-
curve variations. This is a larger fraction compared to what is found in previous samples. In conclusion, emission
compatible with the GRB photosphere is typically found close to the trigger time, while the chance of detecting
synchrotron emission is greatest at late times. This allows for the coexistence of emission mechanisms at late times.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Astronomy data analysis (1858)

Supporting material: machine-readable table

1. Introduction

Gamma-ray burst (GRB) emission exhibits significant
variability and spectral evolution. The prompt emission light
curves typically have irregular, multipulse temporal profiles, in
some cases having a complex structure (e.g., Norris et al.
1996, 2005). The emission spectrum typically changes from
having both large spectral peak energies and hard spectral
slopes below the peak (so-called hard spectra) to having lower
peak energies and softer spectral slopes (soft spectra). Such
variations occur both within individual pulse structures and as
an overall trend during the burst (Mazets et al. 1982; Ford et al.
1995; Crider et al. 1997).

Within the fireball model of GRBs, there are two main
emission sources for the prompt gamma rays. The first is
radiation from where the jet becomes transparent, namely, the
photosphere region (e.g., Goodman 1986; Rees & Mészáros
2005; Pe’er et al. 2006a). The second is radiation from a region
at a larger distance from the progenitor, where the kinetic
energy of the jet is dissipated and radiated away in the form of
synchrotron emission (e.g., Piran et al. 1993; Sari et al. 1998;
Lloyd & Petrosian 2000). The timescale for the gamma-ray
emission, relative to the launching of the jet, depends on the
distances to the different emission sites, rγ, and the Lorentz
factor of the jet, Γ, according to tγ= rγ/(cΓ

2), where c is the
speed of light. For the typical outflow parameters, the
photosphere is expected to occur at ~ ´gr 3 10ph 12 cm, while
the synchrotron emission is expected at larger radii, for
instance, ~gr 10IS 13 cm for internal shocks and ~gr 10ES 17

cm for external shocks (e.g., Rees & Mészáros 1998).

Therefore, a central engine activity will first be observed by
its thermal emission and followed by synchrotron emission,
with a delay of a few or even hundreds of seconds (Rees &
Meszaros 1994). In such a case, one should expect to observe
an initial photospheric emission episode followed by synchro-
tron emission activity.
Alternatively, variations of the jet property, such as the

entropy and magnetization (e.g., Rees & Meszaros 1994;
Beloborodov 2013; Uhm & Zhang 2014; Zhang 2018;
Li 2019a, 2020; Li & Zhang 2021), can cause the variations
in the observed emission. For instance, the interaction between
the jet and the surrounding material as the jet passes though the
progenitor star will cause variable mixing and thereby a change
in the entropy of the flow (Lazzati et al. 2009; López-Cámara
et al. 2014; Ito et al. 2015). This directly affects the properties
of the observed emission, since the entropy determines the
position of the photosphere, rph, relative to the saturation
radius, rs (e.g., Mészáros & Rees 2000). If rph/rs 1, a
photosphere will dominate the emission,8 while in the opposite
cases, rph/rs? 1, the photosphere will be very weak, and only
nonthermal emission, such as synchrotron, will be expected.
Furthermore, in the case of photospheric emission, the entropy

The Astrophysical Journal Supplement Series, 254:35 (48pp), 2021 June https://doi.org/10.3847/1538-4365/abee2a
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8 A typical result from an analysis of the photospheric spectra is that the initial
radius of the jet is r0 ∼ few × 109 cm (e.g., Pe’er et al. 2007; Ryde &
Pe’er 2009; Iyyani et al. 2015). This is also expected theoretically due to
interaction between the jet and the progenitor surrounding it, which prevents
the jet from accelerating while it is within the star (e.g., Thompson 2006;
Gottlieb et al. 2019). A consequence of this fact is that the saturation radius of
the jet rs = Γr0 ∼ rph.
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variation will allow for a varying amount of broadening of the
spectral shape due to subphotospheric dissipation. The reason
is that strong dissipation is not expected below the saturation
radius. Therefore, significant spectral broadening of the
photospheric spectrum is only expected when rph/rs 1. In
this alternative scenario, the evolution of the spectral properties
of consecutive pulses is interpreted as variations of properties
in the jet.

The two main emission sources can also coexist, giving rise
to multicomponent emission spectra (e.g., Ryde 2005; Ryde &
Pe’er 2009; Guiriec et al. 2011; Ajello et al. 2020). The
observed evolution in spectral shape might then be driven by
the relative change in the contribution of the two emission
sources in superposition.

In all cases, observed trends and variations among pulses
carry important clues to the physics of GRBs. The multipulse
nature indicates a continuous ejection from the progenitor,
implying that (i) it is not destroyed immediately, (ii) the
variation in flux between pulses represents the variation of
the available energy, and (iii) the time difference between the
pulses represents some characteristic internal time, possibly
the fallback time of the material or accretion into the surface of
the newly formed neutron star until it reaches a critical mass
and reexplodes. In this paper, we therefore analyze a sample of
multipulse bursts in order to investigate whether there is any
variation in spectral characteristics depending on the sequel
position among pulses within a burst. In particular, we examine
the spectral shape, correlations between spectral parameters,
and compatibility with photospheric emission. Our sample is
obtained from the first 11 yr of the Fermi Gamma-ray Burst
Monitor (GBM) operation, consisting of 117 well-separated
pulses and 1228 spectra from 39 bursts.

The paper is organized as follows. The methods are
presented in Section 2. The detailed observational properties
are summarized in Section 3. In Section 4, we present an
assessment of the compatibility with emission models. The
discussion and summary are presented in Sections 5 and 6,
respectively. Throughout the paper, the standard ΛCDM
cosmology with the parameters H0= 67.4 km s−1 Mpc−1,
ΩM= 0.315, and ΩΛ= 0.685 are adopted (Planck Collaboration
et al. 2020).

2. Methodology

2.1. Initial Burst Selection

We use data obtained by the Fermi Gamma-ray Space
Telescope, which was launched in 2008, and carries two
instruments: the GBM (Meegan et al. 2009) and the Large Area
Telescope (LAT; Atwood et al. 2009). Together, they cover an
energy range from a few keV to a few hundred GeV. The GBM
harbors 14 detectors, of which 12 are sodium iodide (NaI; 8
keV–1 MeV) and two are bismuth germanate (BGO; 200 keV–
40 MeV) scintillators. By 2019 June, Fermi had completed 11
yr of operation, and at least 2388 GRBs had been observed.

Among these bursts, we want to identify the ones that have at
least two individual emission episodes, which can be assumed to
be independent from each other. Since there is no theoretical
prediction of the shape and form of individual emission
episodes, we choose to make a general definition for our
selection, which does not limit the sample to smooth pulses only.
Indeed, numerical simulations of jet emission propagating
through the progenitor star show that not only smooth pulses

are expected but also more complex morphologies (Lazzati et al.
2009; López-Cámara et al. 2014). This choice also avoids
omitting too many bursts. Following Yu et al. (2019), we thus
allow subdominant variations on top of the main pulse
structures. In addition, we also include emission activities with
many smaller spikes but whose heights are limited by an
approximate pulse-shaped envelope. The pulse-shaped envelope
indicates that such emission could be connected, in spite of its
large variability. Examples of the light curves that are selected
for the sample are shown in Section 3.2 and the Appendix.
We first visually inspected the time-tagged event (TTE) light

curves from each of the 2388 GRBs obtained from NASA/
HEASARC.9 We identified more than 120 bursts that had at
least two clear emission episodes. The light curves exhibit
diverse temporal properties. Some have a precursor-like pulse
followed by a main pulse, while others exhibit a main pulse
followed by a small pulse, and yet others consist of several
pulses with similar strength. Many of the pulses are well
separated by quiescent intervals, while others have a slight
temporal overlap.

2.2. Detector, Source, and Background Selections

We use the standard selection criteria adopted in GBM
catalogs (Goldstein et al. 2012; Gruber et al. 2014; Yu et al.
2016). Following the common practice, we choose the
triggered detectors that have a viewing angle of less than 60°
(Goldstein et al. 2012). Typically, one to three NaI and one
BGO detector are selected. The period of GRB emission that is
considered is in most cases somewhat longer than the T90
reported in the HEASARC database. This is done so that all
relevant features in the light curve can be incorporated. In order
to determine the background emission, we select one interval
located tens of seconds before the triggered time and one
interval located tens of seconds after the emission has ended.
We fit the background photon count level with a polynomial
function, which typically has an order lower than 4. The
optimal order is determined through a likelihood ratio test. The
polynomial is applied to fit all 128 energy channels and then
interpolated into the pulse interval to yield the background
photon count estimate. In a few bursts, there are several pulses
that are separated by long quiescent intervals. In these cases,
we select three background intervals to better constrain the
background levels (e.g., GRB 140810782). The spectral energy
range is set from 10 to 900 keV for the NaI detectors and 300
keV to 30MeV for the BGO detectors. In order to avoid the
K-edge at 33.17 keV, we ignore the range 30–40 keV.

2.3. Light-curve Binning

In order to follow and study spectral evolution in individual
bursts, detailed time-resolved spectroscopy is needed (see, e.g.,
Crider et al. 1997; Kaneko et al. 2006; Goldstein et al. 2012).
The question is then how to divide the light curve into time bins,
since this choice might affect the results. Foremost, it is
important to minimize the amount of variation of the emission
during a time bin, since such variations will obscure the intrinsic
spectral shape. A method to account for this is to identify
Bayesian blocks (BBlocks) in the light curve (Scargle et al.
2013). Therefore, we apply the BBlock method with a false-
alarm probability p0= 0.01 to the TTE light curve of the

9 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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brightest NaI detector (see Li 2019a; Yu et al. 2019, for further
details). This binning is then used for the other detectors as well.

The BBlock method will create time bins that have varied
signal-to-noise ratios. Therefore, some time bins will not have
enough signal for a fit to be reliable. A suitable measure of the
signal-to-noise ratio is the statistical significance S.10 Dereli-
Bégué et al. (2020) demonstrated that to fully determine the
spectral shape, a value of S= 15–20 is needed. In particular,
this ensures that the model parameters converge properly (see
also, e.g., Vianello et al. 2018; Li 2019a, 2019b; Ryde et al.
2019). We therefore follow this recommendation and only
select the BBlock time bins that have S � 20.

This specific selection thus provides time bins during which
(i) there is no significant spectral evolution and (ii) there is
highly significant data. Such spectra are Required in order to
make firm inferences on the intrinsic emission spectrum.
However, a consequence of this selection is that intervals with
rapid variations will be dismissed. This is often the case for the
rise phase of pulses, which could carry particular information
about the emission process (see further discussion in
Section 5.2). A possibility of incorporating these dismissed
intervals would be to perform joint fits of many intervals at the
same time by assuming a prescription of the spectral evolution.
This would increase the statistical significance while maintain-
ing the temporal resolution. However, since further assump-
tions need to be made on the spectral evolution (e.g., Ryde &
Svensson 1999), such studies are deferred to other publications.

2.4. Sample (Pulse) Definition

The purpose of this study is to relate the emission properties
between pulses within a burst. We therefore only consider
bursts that have multiple distinguishable pulses. One of the
properties that we will relate is the spectral evolution during the
individual pulses. Hence, in order to include a pulse in the
study, it needs to have at least four time bins with S � 20
(N(S�20)� 4). This allows one to determine the spectral
evolution and the correlation between spectral parameters.
Our final selection criterion is, therefore, that the burst should
have at least two such pulses. This criterion strongly reduces
the sample size. However, the pulses that pass the criterion will
provide well-determined spectra and evolution characteristics.
This final selection yields a sample of 39 bursts. From these,
we obtain 117 pulses and 1228 time-resolved spectra, of which
103 pulses have N(S�20)� 4, consisting of 944 spectra.

The properties of our sample are summarized in Table 1 and
include the Fermi/GBM ID (column 1), redshift (column 2), and
observed duration t90 (column 3), together with the used detectors
(column 4), the selected source and background intervals
(columns 5 and 6), the number of total (column 7) and used
(S� 20; parentheses in column 7) BBlock time bins, and the

number of total (column 8) and used (parentheses in column 8)
pulses for each burst. The detector in parentheses is the brightest
one, used for the BBlocks and background determinations.
Inevitably, there will be some overlap between many of the

pulses. During such periods, emission from both pulses will be
present, and the observed spectrum will be a superposition of
two spectra. Depending on their mutual strengths, a fit with a
single spectral component might give misleading results. We
therefore group the pulses in the 39 bursts into three subsamples.

1. Gold. No overlap, and the pulses are completely
independent. There are 13 such pulses, which are listed in
Table 2 (column 5).

2. Silver. Slight overlap. There are 90 such pulses (column 5
in Table 2).

3. Bronze. Pulses that have less than four time bins S� 20.
There are 14 such pulses (column 5 in Table 2). Note that
these pulses are not used in our final statistical analysis.

2.5. Spectral Fitting

The physical model of the GRB spectra is not yet firmly
established. Likewise, the possible regimes of the suggested
emission models are not clarified. Therefore, empirical models are
typically used in the analysis. This offers the flexibility to explore
many different models and, at the same time, to explore the
models without limiting certain spectral regimes. The typically
used functions are the Band function, which is a broken power-
law function, and the cutoff power-law (CPL) function (Band
et al. 1993; Gruber et al. 2014). Another advantage of these
empirical models is that they are used in all catalogs mapping the
behavior and characteristics of observed bursts.
However, the empirical models do not necessarily correspond

to the underlying physical model (e.g., Lloyd-Ronning &
Petrosian 2002; Burgess 2014; Acuner et al. 2019). Therefore,
the empirical parameter values that are inferred from the data
cannot be directly translated into physical model parameters.
However, the way the physical model parameters map onto the
Band parameters has been established for a few emission models
(e.g., Lloyd & Petrosian 2000; Acuner et al. 2019; see also
Section 4). Moreover, Acuner et al. (2020) showed that the
values of, e.g., α can be used to decisively distinguish between
various types of emission models, as long as the data have a high
signal strength (as is the case in the present study).
We will therefore make use of these empirical functions. The

Band function is defined by the low-energy power-law index
(α) and the high-energy index (β), which are connected
smoothly around the break energy (E0).
The photon number spectrum is defined as

The energy of the spectral peak of the νFν spectrum (assuming
β< −2) is in units of keV,
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10 The statistical significance, S, is suitable for data with Poisson sources with
Gaussian backgrounds, which is the case for GBM data (Vianello et al. 2018).
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A is the normalization factor at 100 keV in units of ph
cm−2 keV−1 s−1, Epiv is the pivot energy fixed at 100 keV, and
α and β are the low- and high-energy power-law photon
spectral indices, respectively.

The CPL function is given by

⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝⎜ ⎞⎠⎟( ) ( )= -
a

f E A
E

E

E

E
exp . 3

c
CPL

piv

Note that the CPL model approaches the Band model as β

tends to −∞ . The peak energy Ep of the νFν spectrum is
related to Ec through Ep=(2+α)Ec.

The analysis in this work is performed with the Multi-Mission
Maximum Likelihood Framework (3ML; Vianello et al. 2015),
and we use a Bayesian approach, using the Markov Chain Monte
Carlo (MCMC) method (e.g., Foreman-Mackey et al. 2013). We

use the typical spectral parameters obtained from the previous
Fermi/GBM catalog as the prior information of the Bayesian
inference.
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Table 1
Global Properties of the Sample

GRB z T90 Detectors ΔTsrc [ΔT(bkg,1), ΔT(bkg,2)] Spectra (NS�20) Pulse (N(S�20) � 4)
(s) (s) (s) (Number) (Number)

(1) (2) (3) (4) (5) (6) (7) (8)

081009140 L 41.345 ± 0.264 (n3)b1 −1.0 to 52.0 [−20 to 10, 80 to 100] 23(21) 2(2)
081215784 L 5.568 ± 0.143 n9(na)nbb1 −1.0 to 10.0 [−30 to 10, 40 to 60] 27(22) 3(3)
090131090 L 35.073 ± 1.056 (n9)nab1 −1.0 to 40.0 [−20 to 10, 60 to 80] 30(16) 3(2)
090618353 0.54 112.386 ± 1.086 (n4)b0 −1.0 to 150.0 [−20 to 10, 200 to 220] 28(25) 3(2)
091127976 0.49 8.701 ± 0.571 (n6)n9nab1 −1.0 to 10.0 [−20 to 10, 50 to 100] 21(17) 3(3)
100719989 L 21.824 ± 1.305 (n4)n5b0 −1.0 to 25.0 [−30 to 20, 60 to 100] 18(12) 3(3)
100826957 L 84.993 ± 0.724 n7n8b1 −1.0 to 120.0 [−20 to 10, 200 to 250] 31(26) 3(3)
101014175 L 449.415 ± 1.409 n6(n7)b1 −1.0 to 230.0 [−30 to 10, 300 to 320] 110(81) 6(5)
110301214 L 5.693 ± 0.362 n7(n8)nbb1 −1.0 to 10.0 [−20 to 10, 40 to 60] 16(14) 2(2)
110625881 L 26.881 ± 0.572 n7n8(nb)b1 −1.0 to 32.0 [−20 to 10, 80 to 100] 37(28) 4(3)
120129580 L 3.072 ± 0.362 (n8)b1 −1.0 to 4.0 [−20 to 10, 80 to 100] 17(17) 2(2)
120328268 L 29.697 ± 1.056 n7n9(nb)b1 −1.0 to 40.0 [−20 to 10, 60 to 80] 23(20) 3(3)
120711115 1.405 44.033 ± 0.724 (n2)nab0 −1.0 to 120.0 [−20 to 10, 150 to 160] 30(25) 2(2)
120728434 L 100.481 ± 6.623 n1(n2)b0 −1.0 to 100.0 [−20 to 10, 200 to 220] 42(36) 2(2)
121225417 L 58.497 ± 0.820 (n1)n3n5b0 −1.0 to 75.0 [−30 to 10, 100 to 120] 26(19) 2(2)
130504978 L 73.217 ± 2.111 n2(n9)nab1 −1.0 to 84.0 [−50 to 10, 200 to 220] 51(43) 6(4)
130606497 L 52.225 ± 0.724 n7(n8)b1 −1.0 to 63.0 [−40 to 20, 100 to 120] 43(40) 4(4)
131014215 L 3.200 ± 0.091 n9na(nb)b1 −1.0 to 6.0 [−50 to 10, 50 to 80] 29(29) 2(2)
131127592 L 18.176 ± 0.724 n1n2(n5)b0 −1.0 to 22.0 [−20 to 10, 40 to 60] 30(22) 5(4)
140206275 2.73 146.690 ± 4.419 n0(n1)n3b0 −1.0 to 50.0 [−40 to 20, 70 to 90] 23(17) 2(2)
140213807 1.2076 18.624 ± 0.716 n0(n1)n2b0 −1.0 to 15.0 [−20 to 10, 40 to 60] 15(11) 2(2)
140416060 L 31.744 ± 1.280 (n2)b0 −1.0 to 30.0 [−20 to 10, 60 to 80] 31(26) 4(4)
140508128 1.027 44.288 ± 0.231 (na)b1 −1.0 to 52.0 [−20 to 10, 70 to 80] 40(17) 3(2)
140523129 L 19.200 ± 0.362 (n3)n4n5b0 −1.0 to 25.0 [−20 to 10, 40 to 60] 41(26) 5(4)
140810782 L 81.665 ± 0.572 n2(n5)b0 −1.0 to 102.0 [−110 to 90, 150 to 170, 250 to 270] 33(16) 4(3)
141222691 L 34.049 ± 0.724 n9na(nb)b1 −1.0 to 40.0 [−20 to 10, 60 to 80] 18(12) 3(3)
150118409 L 40.193 ± 0.572 n1(n2)n5b0 −1.0 to 55.0 [−50 to 30, 80 to 100] 43(29) 3(3)
150201574 L 15.616 ± 0.362 (n3)n4n7b0 −1.0 to 20.0 [−20 to 10, 40 to 60] 25(24) 2(2)
150330828 L 153.859 ± 0.810 n1(n2)n5b0 −1.0 to 180.0 [−50 to 20, 50 to 60, 220 to 240] 40(34) 3(3)
151231443 L 71.425 ± 0.724 (n8)nbb1 −1.0 to 80.0 [−20 to 10, 40 to 50] 23(9) 2(2)
160422499 L 12.288 ± 0.362 n0(n1)n5b0 −1.0 to 15.0 [−20 to 10, 40 to 60] 22(22) 3(3)
160802259 L 16.384 ± 0.362 (n2)b0 −1.0 to 20.0 [−20 to 10, 60 to 80] 27(22) 3(3)
170207906 L 38.913 ± 0.572 n1(n2)n5b0 −1.0 to 42.0 [−20 to 10, 60 to 80] 33(17) 4(4)
171120556 L 44.062 ± 0.383 n0n1(n3)b0 −1.0 to 48.0 [−20 to 10, 60 to 80] 21(9) 2(2)
171227000 L 37.633 ± 0.572 (n5)b0 −1.0 to 60.0 [−50 to 10, 60 to 100] 43(40) 3(3)
180113418 L 24.576 ± 0.362 n1(n2)n9b0 −1.0 to 40.0 [−20 to 10, 60 to 80] 25(22) 2(2)
180120207 L 28.928 ± 0.724 n9na(nb)b1 −1.0 to 50.0 [−20 to 10, 60 to 80] 24(20) 2(2)
180722993 L 86.530 ± 1.056 n1(n2)b0 −1.0 to 110.0 [−20 to 10, 120 to 140] 18(10) 2(2)
190114873 0.425 116.354 ± 2.563 n3(n4)n7b0 −1.0 to 110.0 [−20 to 10, 180 to 200] 51(48) 3(3)

Note. Fermi burst ID (column 1), redshift (column 2), and t90 (column 3), together with the detectors (column 4), source (column 5) and background (column 6)
intervals, total (column 7) and effective (S � 20; parentheses in column 7) time bins using the BBlocks across the source intervals, and the number of total (column 8)
and used (parentheses in column 8) pulses for each burst. Note that the detector in parentheses is the brightest one, used for BBlocks and background fitting.
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A posterior distribution is obtained from the prior distribution
and the likelihood that combines the model and the observed
data. The best model parameters are estimated from the
posterior probability distribution obtained by MCMC sam-
pling. When using MCMC sampling, in order to obtain the
steady-state chains of the parameter distributions, the sampling
needs to reach a certain number of times; therefore, the first part
of the sample that has not reached the steady-state distribution
is discarded. Therefore, for each parameter estimation, we take
10,000 MCMC samples and discard the initial 20%. The fitted
parameters are estimated by the maximum a posteriori
probability (MAP) with uncertainties at the 1σ (68%) Bayesian
credible level and based the last 80% of the MCMC samples.
We also provide all of the analysis results of each time-resolved
spectrum, which includes the best parameter value estimates,
covariance matrices, and the statistical information criteria.
They can be retrieved at doi:10.5281/zenodo.4746267.

2.6. High-energy Power Law, β, and the Preferred Model
Selection

For a majority of time-resolved burst spectra, the CPL model
is a sufficient model (e.g., Kaneko et al. 2006; Goldstein et al.
2012; Burgess et al. 2019; Yu et al. 2019). However, in some
cases, a high-energy power law significantly improves the fit,
indicating a significant flux contribution beyond the spectral
peak. In the case of synchrotron emission, the high-energy
power law provides information about the particle acceleration
and the nature of the shocks, while in the case of photospheric
emission, it provides information about the energy dissipation
in the emitting region.

In order to determine whether a high-energy power law gives
significant improvement in our analysis, we compare the
information criteria of the Band and CPL fits. Acuner et al.
(2020) showed that the information criteria capture everything
important in the fits and that the difference in information
criteria can be used in the model comparison. In particular, they
showed that a significance of 99% of preferring one model over
the other is found for a difference in log evidence greater than 5
(their Equation (6)) and that this corresponds approximately to
a difference in information criteria of 10 (further discussion can
be found in Acuner 2019). In this work, we therefore adopt the
information criterion to compare models, and, following the
literature in the field (e.g., Greiner et al. 2016; Yu et al. 2019),
we particularly use the deviance information criterion (DIC;
Spiegelhalter et al. 2002; Moreno et al. 2013), which is defined
as DIC = −2log[p(data ∣q̂)] + 2pDIC, where q̂ is the posterior
mean of the parameters, and pDIC is a term to penalize the more
complex model for overfitting (Gelman et al. 2014). We
consequently accept the Band function as the preferred model if
the difference between the Band’s DIC and the CPL’s DIC
ΔDIC=DICBand−DICCPL> −10.

For consistency, one needs to use the same empirical model
throughout the whole pulse in order to avoid artificial
fluctuation due to a change of spectral model (see Yu et al.
2019). Consequently, if one time bin has ΔDIC< −10, then
we use the Band function throughout the pulse. Otherwise, we
use the simpler CPL model. Therefore, the pulses that are fitted
by a Band function have at least one time bin in which a high-
energy power law is significantly detected. The model used for
each pulse is listed in column 6 in Table 2.

Among all of the individual time bins, we find that in only
29% (274/944) is ΔDIC< −10; i.e., the Band function is
preferred. For these time bins, a high-energy power law is
required by the data (see also Gruber et al. 2014; Yu et al.
2019). For the sequence of pulses, we find the corresponding
fractions to be 36% (122/338) for the first pulse P1, 28% (101/
361) for P2, 22% (34/156) for P3, 15% (7/46) for P4, 15% (4/
26) for P5, and 29% (5/17) for P6. There is only a weak trend,
with the first pulse P1 having the largest fraction.
Turning over to the pulses, we find that 66% (77/117) of

them have at least one time bin with ΔDIC< −10; therefore,
the Band function is used for the entire pulse. For the sequence
of pulses, we find that the corresponding fractions are 77%
(30/39) for P1, 69% (27/39) for P2, 63% (15/24) for P3, 22%
(2/9) for P4, 50% (2/4) for P5, and 50% (1/2) for P6. Again,
there is only a weak trend, with the first pulse P1 having a
larger fraction.
In addition to theΔDIC criterion, we also examined the pDIC

values following Yu et al. (2019). In some instances, the values
were found to be anomalously large (hundreds of thousands),
which typically indicates that a local rather than a global
minimum of the likelihood function is found. In these cases, we
reran the Bayesian fits with new initial values to ensure proper
convergence to the global minimum.

3. Observational Properties among Pulses

We now investigate how the emission properties vary among
the pulses within bursts. We compare the group consisting of
the first pulse in every burst (P1) with the group containing the
second pulse in each burst (P2), and so on. The number of
spectra in each pulse group decreases, with the first three
groups having above 100 spectra each (338, 361, and 156) and
the last three only having a few tens (46, 26, and 17).
The identification and binning of the analyzed pulses, as well

as their spectral properties, are listed in Table 2. The table
includes the Fermi/GBM ID (column 1), the time-series pulse
(column 2), the pulsewise source intervals (column 3), the total
and used (S� 20) time bins (column 4) by using the BBlocks
across the source intervals for each pulse, the identified grade
of the pulse (column 5), the best spectral model (column 6), the
preferred physical model (column 7), the pulsewise evolution
of the spectral parameters (column 8 for Ep and column 9 for
α), and the type of parameter relations with the Spearmanʼs
rank coefficient, r, in parentheses: F–α (column 10), F–Ep

(column 11), and α–Ep (column 12). Figure 1 shows the
histograms of the number of pulses in each pulse group (left
side) and the corresponding number of spectra (right side). In
the following section, we only consider the best-fit model for
each pulse according to Section 2.6.

3.1. Parameter Distributions

Figure 2 shows the parameter distributions for every group
of pulses, including α, Ep, and the K-corrected energy flux F
(erg cm−2 s−1), over the range 1–104 keV, as well as the
duration, Δt, of the pulses. In the following figures, the data
points are orange (P1), blue–magenta (P2), violet (P3), yellow
(P4 or P4+5+6),

11 cyan (P5), and green (P6). The best Gaussian
fit for each distribution is presented, and the corresponding

11 Note that, in some cases, we combine the data for the three last pulse groups
(P4+5+6), since the parameter distributions are typically similar and an
increased sample size improves the fits.
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average values and standard deviations are presented in
Table 3. The average value of the full sample, including all
pulses, is α=−0.84± 0.35 and Ep= log10(214)± 0.42. These
values are in agreement with previous catalogs (e.g., Kaneko
et al. 2006).

In order to assess whether the distributions change between
the different pulse groups, we use the Kolmogorov–Smirnov

(K-S) test. This test determines the chance probability, P, that
two distributions are sampled from populations with identical
distributions. For our purposes, we use P< 10−2 to ensure that
the distributions are truly different. In Table 4, we present the P-
values for all of the α and Ep distributions for the pulse groups.
These results indicate that the groups of pulses could be

divided into two categories with two different behaviors. The

Figure 1. Histograms of the numbers of pulses (left) and spectra (right) in each pulse grouping.

Figure 2. Distributions of α, Ep, and energy flux, as well as the duration (t90) for each pulse group. The distributions correspond to P1 (orange), P2 (blue–magenta), P3

(violet), P4 or P(4+5+6) (yellow), P5 (cyan), and P6 (green). The black line is for the full sample. The y-axes on the left are for the pulse groups, while the ones on the
right are for the full sample.
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first category, with P1 and P2, is different from the rest of the
pulse groups. In the first group of two pulses (P1 and P2), the
peak energy Ep does not change, while the spectral slope α
exhibits a clear softening. Compared to the second category,
with the later pulse groups (P3–P6), there is a change, with both
α and Ep decreasing. However, within this second category, the
distributions are not significantly different. Based on this
analysis alone, it can, therefore, be argued that these two
categories represent different types of spectral characteristics
and, therefore, possibly different emissions.

The comparison between the fluxes and pulse durations is
shown in the bottom panels of Figure 2. The fluxes have a
similar pattern as α. There is a steady decrease, except for the
last two groups, which have a similar distribution. Finally, the
pulse duration distributions are comparable, and the first three
groups have increasing average values.

Another way to compare the variation of emission properties
in between pulses is to study the maximal value of the
parameters of α and Ep in each pulse and how they vary. Note
that amax and Ep, max do not necessarily need to be at the same
time bin. In the upper panels in Figure 3, we present

( )a a= tmax max and ( )=E E tp, max p, max versus time. Here
the trend of softening is again revealed for amax. Later pulses
typically have smaller amax. There is also a trend that amax for
the first pulse is softer the further it is delayed from the trigger.
For Ep, max, however, there is no trend, and the distinction
between the two categories from the K-S tests is not as
apparent. This means that, when it comes to Ep, max and amax, it
is mainly the spectral shape that changes and not the location of
the peak energy when we compare the six pulse groups.

In the lower panels in Figure 3, the dependency of amax and
Ep, max on pulse duration Δt is shown. The colored stars
correspond to the average values. For the first three groups, the
increase in average pulse duration is correlated with the
decrease in the average values of amax and Ep, max (see
Figure 2). Again, the last group with P(4+5+6) differs from the
trend by having a shorter (average) pulse duration. However,
instrumental effects might play a role here. The fluxes of later

pulses are lower; hence, the full duration of the pulses might
not be apparent above the background noise level.

3.2. Spectral Evolution

Early investigations of GRB emission identified a significant
correlation between spectral properties, such as a relation
between the intensity and the shape of the spectrum (Wheaton
et al. 1973), and a correlation between the intensity and the
spectral peak (Golenetskii et al. 1983). In this section, we
classify the evolution of α and Ep relative to the count light
curves, as commonly done in the literature (e.g., Kargatis et al.
1994; Ford et al. 1995). In Section 3.3, we will quantify this
further by investigating the actual correlations between the
parameters.
Examples of the evolution of the spectral parameters Ep and

α and the νFν flux are provided in the upper panels of Figure 4.
Here the parameter evolutions are overlaid on the count light
curve. In the Appendix, we further provide the corresponding
figures for all bursts (Figures A1–A3) as well as the figures for
all bursts for the evolution of the spectral parameter β.
Following the traditional classification, we use the notation that
the parameter value is denoted as “hard” when referring to
large values of both α and Ep, as opposed to soft values (low
values of α and Ep). We categorize the evolution in the two
main groups: those with a hard-to-soft (h.-t.-s.) pattern, that is,
the parameters decrease independent of the rise and decay of
the pulse, and those with a flux-tracking (f.-t.) pattern, that is,
the parameters are correlated with the rise and decay of the flux
with or without a time lag. In a handful of cases, other patterns
are also identified. The classification of the pulses is given in
Table 2 (columns 8–9).
For the Ep evolution (see Figure A1 and column 8 in

Table 2), we find that the hard-to-soft and flux-tracking
patterns are the two dominant patterns in our multipulse
sample. We find that about two-thirds (63/103= 61%)
of the pulses show a flux-tracking pattern and about one-
third (32/103= 31%) of the pulses exhibit a hard-to-soft

Table 3
Results of the Average and Deviation Values of the Parameter Distribution

Pulse Model Spectra α Ep F β β

(Group) (Selected) (Number) (keV) (erg s−1 cm−2) (Well Converged) (Unconverged)
(1) (2) (3) (4) (5) (6) (7) (8)

P1 Best 338 −0.70 ± 0.29 log10(234) ± 0.40 log10(6.17e−6) ± 0.51 L L
P2 Best 361 −0.85 ± 0.37 log10(224) ± 0.44 log10(4.57e−6) ± 0.51 L L
P3 Best 156 −1.02 ± 0.33 log10(158) ± 0.30 log10(2.95e−6) ± 0.39 L L
P(4+5+6) Best 89 −1.03 ± 0.19 log10(202) ± 0.34 log10(2.92e−5) ± 0.39 L L
Overall Best 944 −0.84 ± 0.35 log10(214) ± 0.42 log10(4.57e−6) ± 0.47 L L

Note. Column 1 lists the pulse name, column 2 lists the used model, column 3 lists the number of spectra for each pulse, and columns 4–8 list the average and its
deviation (1σ) for the spectral parameters and energy flux.

Table 4
Probability of the K-S Test for the Spectral Parameter Distributions

α(P1) α(P2) α(P3) α[P(4+5+6)] Ep(P1) Ep(P2) Ep(P3) Ep[P(4+5+6)]

α(P1) 1.0 <10−2 <10−2 <10−2 Ep(P1) 1.0 0.11 <10−2 0.37
α(P2) <10−2 1.0 <10−2 <10−2 Ep(P2) 0.11 1.0 <10−2 0.43
α(P3) <10−2 <10−2 1.0 0.12 Ep(P3) <10−2 <10−2 1.0 0.03
α[P(4+5+6)] <10−2 <10−2 0.12 1.0 Ep[P(4+5+6)] 0.37 0.43 0.03 1.0

Note. The probability of the K-S statistic on two samples. The left part is for α distributions, and the right part is for Ep distributions.
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pattern. Other evolution patterns are rarely observed. For
instance, we only identify two cases showing the hard-to-soft-
to-hard pattern (e.g., P4 in GRB 101014175), one case
displaying the soft-to-hard evolution (P1 in GRB 170207906),
and three cases exhibiting a hard-to-soft followed by a flux-
tracking evolution within a pulse (e.g., P1 in GRB

091127976). Here we note that previous investigations found
that about two-thirds of cases have hard-to-soft behavior,
while a smaller fraction has flux-tracking behavior (e.g., Ford
et al. 1995; Crider et al. 1997; Lu et al. 2012; Yu et al. 2019).
This fact is at odds with the observation in our sample. This is
further discussed in Section 5.2.

Figure 3. Upper panels: evolution of amax (left panel) and Ep, max (right panel). Pulses from each individual burst are connected by dashed lines. Color notation is the
same as in Figure 2. lower panels: amax (left panel) and Ep, max (right panel) vs. pulse duration. The corresponding mean value of each individual pulse group is
indicated by colored stars.

Figure 4. Upper panels: examples of the parameter evolution of the Ep, α, and νFν flux. The count light curves are shown (in arbitrary units) by the gray histograms.
Lower panels: examples of the parameter relations of F − α, F − Ep, and α − Ep, as well as the best-fit relations with the 2σ error region.
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For the α evolution (see Figure A2 and column 9 in Table 2),
we find, similarly, that the hard-to-soft and flux-tracking
patterns dominate. The flux-tracking pattern accounts for 65%
(67/103) of the pulses, while the hard-to-soft pattern accounts
for 25% (26/103) of the pulses. These two patterns thus
account for 90% of the pulses. Among the rest of the pulses, we
find that three cases have a soft-to-hard evolution (e.g., P1 in
GRB 110625881), and one case has a hard-to-soft-to-hard
evolution (P4 in GRB 101014175). Moreover, we also identify
two cases showing a “flat” (or weak rise) behavior throughout
the pulse (e.g., P1 in GRB 120129580), and two cases have no
clear trend at all (e.g., P1 in GRB 120728434), which is not
found in the Ep evolution.

We note that the Ep and α evolutionary patterns during a
single pulse are not necessarily the same. In roughly half of the
pulses (51%= 53/103), the Ep and α evolution are classified to
have the same pattern, while 49% (50/103) of the pulses do not
have the same pattern.

Finally, the patterns of the spectral evolution for Ep(t) and
α(t) can vary from pulse to pulse within a burst. We find that in
only about half of the pulses, the patterns of the Ep(t) evolution
between two adjacent pulses are the same (55%= 35/64), and
the rest 45% (29/64) are the inconsistent cases. Similarly, for α
(t), we also find that for about half of the pulses, the spectral
evolution among different pulses shares a similar pattern,
accounting for 58% (37/64) of the pulses, while the
inconsistent cases account for 42% (23/64) of the pulses.
However, there is no significant variation in the fraction of
pulses that are classified as having tracking behavior between
the six pulse groups, which all have around a two-thirds
fraction (Table 5 and Figure 5).

3.3. Parameter Correlations

We now turn to investigating the correlation between the
following parameter pairs: ( Flog , α), ( Flog , Elog p), and
(α, Elog p). Examples of these relations are provided in the

lower panels of Figure 4, where functional fits are made.
The leftmost panel shows the fit of F= F0 e

kα, where
k∼ 3.37± 0.49 (a typical value; Ryde et al. 2019), the middle
panel shows the power law between F and Ep with index
1.50± 0.15 (a typical value; Borgonovo & Ryde 2001), and
the rightmost panel shows a fit to ( )a a= +k E Eln2 p 0 0,
where k2=− 2.01± 0.20. In the Appendix, we further provide
the corresponding figures of these correlations for the full
sample (Figures A5–A7).
We visually inspect the correlations and classify them

according to the scheme in Yu et al. (2019), who classified
them into three behaviors. The first behavior is a monotonic
relation, defining type 1. It can be divided into three categories:
type 1p, monotonic positive correlation; type 1n, monotonic
negative correlation; and type 1f, flat relation. The second
behavior has two piecewise monotonic relations combined at a
break point. This behavior is defined as type 2 and is divided
into two subcategories, either a concave (type 2p) or a convex
(type 2n) function. No clear trend is classified as type 3. The
classification is given in Table 2.
The strengths of the correlations are given by the Spearman’s

rank r. Strong correlations have r> 0.7, and weak correlations
have r< 0.4. For both the F–α and F–Ep relations, around half
of the pulses have strong correlations (47/103 and 54/103),
and a quarter have weak correlations (27/103 and 26/103). In
contrast, the α–Ep relations have the reverse properties: strong
correlations in 21/103 and weak correlations in 57/103.
Among the pulses with strong correlations, we find that for

the F–α relation, the vast majority has a positive monotonic
relation (1p; 38/47), only a few have a negative relation (1n;
6/47). Similarly, for the F–Ep relation, a vast majority have a
positive power law (1p; 45/51). Finally, for the α–Ep relation,
negative and positive relations are equally common (1n; 9/21)
and (1p; 8/21).
The three relations F–α, F–Ep, and Ep–α typically do not

have strong correlations at the same time. However, in a few

Table 5
Statistical Results of the Pulsewise Spectral Evolution

Pulse Full Sample Used Sample Hard-to-soft Flux-tracking Others

(Group) (Number) (Number) (Number) (Percentage) (Number) (Percentage) (Number) (Percentage)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

Ep Evolution

P1 39 35 12 34% 20 57% 3 9%
P2 39 38 13 34% 25 66% 0 0%
P3 24 20 7 35% 12 60% 1 5%
P4 9 6 1 17% 4 67% 1 16%
P5 4 3 1 33% 2 67% 0 0%
P6 2 1 0 0% 1 100% 0 0%
Overall 117 103 34 26% 64 63% 5 3%

α Evolution

P1 39 35 10 29% 21 60% 4 11%
P2 39 38 10 26% 25 66% 3 8%
P3 24 20 8 40% 12 60% 0 0%
P4 9 6 0 0% 5 83% 1 17%
P5 4 3 0 0% 3 100% 0 0%
P6 2 1 0 0% 1 100% 0 0%
Overall 117 103 28 27% 67 65% 8 8%

Note. Column 1 lists the pulse groups, columns 2 and 3 list the number of the full (gold+silver+bronze) and used (gold+silver) samples for each pulse group,
and columns 4–9 list the number and percentage of the hard-to-soft, flux-tracking, and other patterns, respectively.
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cases, they do: 13 out of the 103 pulses have r> 0.7 or r<
−0.7 for all correlations at the same time. An example of a
spectral evolution with simultaneous strong correlations is the
single-pulse burst GRB 131231A, where all three relations
have monotonic positive correlations (Li et al. 2019). In the
following discussions, we summarize the correlations of all of
the pulses independent of their r values.

3.3.1. Individual F–α Relation

For each individual burst, the F–α plot is shown in
Figure A5, and the identified type, as well as its Spearmanʼs
coefficient r, is summarized in column 10 in Table 2. The
statistical results are presented in the lower left panel in
Figure 5.

We find that the dominant F–α relation is a monotonic
correlation in the log-linear plots (type 1) accounting for 87
pulses (84%). Of these, 69 are of type 1p, accounting for 67%,
and 16 are of type 1n, accounting for 15%. Among the rest,
13% (13/103) are of type 3.

To identify any change in spectral properties among the
pulses, we compare the frequency of the dominating types 1p
and 1n in each pulse group. The proportion of the frequencies
of these types are all high. For P1, the proportion of type 1p
versus type 1n is 19/8, and for the following pulses, it is 28/6
(P2), 14/1 (P3), 4/1 (P4), 3/0 (P5), and 1/0 (P6). No apparent
variation in the relative frequency is identified, apart from the
tendency that the negative F–α relations are proportionally
more common in P1. An example is given by GRB 150330,
which has three well-separated pulses; the first pulse is a clear
type 1n, while the following two pulses have positive relations
(type 1p), also studied in detail by Li (2019a). The change in
correlation pattern corresponds to a change in the range of α
values for the pulses. Li (2019a) therefore suggested that a
change in jet properties should account for both of these
properties.

We also note that there are only three pulses that are
classified as type 2 (relation with a break), and all of these are
type 2p and identified in the first pulse (GRB 081009, GRB
100719, and GRB 100826). Finally, we find that in 25% (14/
57) of cases, the types change between adjacent pulses.

3.3.2. Individual F–Ep Relation

The classification of the F–Ep relation in Figure A6 is shown
in column 11 of Table 2 and the lower middle panel of
Figure 5. We find that a monotonic correlation in the log–log
plots is again the most common type in the F–Ep relation,
accounting for 75 (72%) of the pulses, of which 74 (71%) are
type 1p (similar to the fraction for the F–α relation), only one
case (P3 in GRB 090131) is identified as type 1n (a much lower
fraction compared to the F–α relation), and no type 1f pulse is
found. Among the rest, 18% (19/103) of the pulses have no
clear trend (type 3), and 8% (8/103) have a broken power-law
behavior (type 2p).
We again compare the frequency of the dominating types,

which in this case are type 1p versus type 2p. The proportions
are all very high, without any significant variation among the
groups: 20/6 (P1), 33/1 (P2), 14/1 (P3), 4/0 (P4), 2/0 (P5),
and 1/0 (P6). There is a slight tendency, though, for type 2p to
be proportionally more prevalent in P1. We note that the F–Ep

relation does not change between two adjacent pulses for a
majority of cases.

3.3.3. Individual α–Ep Relation

For the α–Ep relation (see Figure A7 and column 12 in
Table 2), we find that pulses with a monotonic relation (type 1)
dominate (72%= 74/103). However, compared to the F–α and
F–Ep relations, the number of type 1p and type 1n are more
even: 32%= 33/103 and 36%= 37/103, respectively. Type 2
pulses account for 20% (21/103) of cases, of which 15 are type
2p and six are type 2n. Type 3 has 8% (8/103).

Figure 5. Histograms of the spectral evolution and parameter relations. Upper left panel: Ep evolution. Upper right panel: α evolution. For each pulse, the histograms
show the number of hard-to-soft and flux-tracking patterns, as well as some particular cases, denoted as “others.” Lower panels: classification of parameter relations in
the entire sample. The histograms display the number pulses in the three main categories, as well as the subcategories for categories 1 and 2, as defined in the text.
Lower left panel: F–α relation. Lower middle panel: F–Ep relation. Lower right panel: α–Ep relation.
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The proportion between the frequencies of the two
dominating types, type 1p and type 1n, for the six pulse
groups are 2/15 (P1), 18/11 (P2), 8/7 (P3), 3/2 (P4), 2/1 (P5),
and 0/1 (P6). Apart from P1, there is no apparent variation
between the pulse groups. However, for P1, there is a disparity;
only 44% (17/39) are of type 1, compared to 72% for all
pulses. Out of these 17, type 1n clearly dominates, in contrast
to all other pulses, where type 1p is slightly dominant instead.
We note that, in contrast to the other correlations, most of the
α–Ep correlations are weak (Section 3.3). To confirm this
tendency, we therefore particularly investigate only the strong
correlations (21 pulses with r> 0.7). Of these, there are seven
P1, and they all are of type 1n. Ten cases are P2, and of these,
three are of type 1n and five of type 1p. We therefore conclude
that for the α–Ep relation, the first pulses have (i) a smaller
fraction of type 1, and (ii) of these, type 1n have a higher
fraction compared to the later pulses. Finally, we find that 46%
(26/57) of the α–Ep relations change between two adjacent
pulses.

4. Assessment of the Compatibility with Emission Models

In both synchrotron and photosphere models, there are many
different types of spectra that can be produced, mainly
depending on the location of the emission site and the flow
properties. The spectral shape from a synchrotron emitting
source depends on the relation between the radiative cooling
time and other timescales related to heating and adiabatic
expansion (Lloyd & Petrosian 2000; Tavani et al. 2000). The
steepest low-energy power law that is allowed (for isotropically
distributed pitch angles) is α= −2/3 for slow-cooled
emission, while steeper slopes down to α= −3/2 are expected
for (marginally) fast-cooling emission. Similarly, the properties
of the emission from the photosphere depend on the emission
site and the amount of dissipation that occurs in the vicinity of
the photosphere. If there is no energy dissipation, the spectrum
is expected to be slightly broader than a Planck function,
namely the nondissipative photosphere (NDP; Beloborodov
2011; Acuner & Ryde 2018; Meng et al. 2019). Typically,
though, dissipation is expected around the photosphere, which
thus causes the spectral shape to broaden further (Giannios &
Spruit 2005; Rees & Mészáros 2005; Pe’er et al. 2006b; Vurm
et al. 2013).

A few attempts have been made to fit particular cases of
these models to the data directly (e.g., Lloyd-Ronning &
Petrosian 2002; Ryde 2004, 2005; Ahlgren et al. 2015; Ryde
et al. 2017; Oganesyan et al. 2019; Acuner et al. 2020; Burgess
et al. 2020). However, such studies are limited by the range of
models that are used and the limited samples that can be
studied due to the computationally costly procedures. Alter-
natively, synthetic data from a certain physical model can be
produced by using the detector response. The synthetic data can
then be fitted with empirical models, accounting for the
limitations of the typically adopted analysis methods. Such a
procedure identifies the parameter space of the empirical model
that corresponds to that particular physical model.

The relation between α and Ep that such investigations
yield for slow-cooled synchrotron (SCS) and the NDP are
shown by the yellow–green and pink lines in the upper panel
of Figure 6. These lines are reproduced from Figure 4 of
Burgess et al. (2015) and Figure 3 of Acuner et al. (2019).
Using these lines, general assessments of the emission process
can be made. For instance, if we assume that the same

emission mechanisms operate throughout the pulse, a single
data point above the SCS line indicates that the pulse has a
higher probability of being of a photospheric origin (Acuner
et al. 2019; Dereli-Bégué et al. 2020).

4.1. Spectral Shape

In the upper panel of Figure 6, we plot the values of amax and
the corresponding value of Ep, with one data point from every
pulse. Comparing with the limiting lines for SCS and the NDP,
we find that 67% (79/103) of all pulses have at least one data
point above the SCS line and 21% (22/103) of all pulses have a
data point above the NDP line.
The number of pulses that are above the NDP and SCS lines

for the sequence of pulses is shown in the lower panel of
Figure 6, together with the corresponding fractions. The first
two pulses in a burst have a larger fraction above the SCS line.
There is a clear decrease in later pulses. There are, however, a
couple of bursts in which the hardest spectrum occurs at late
times. This fact is reflected in the large fraction for P5 in
Figure 6. Examples of these bursts are GRB 121225 and GRB
140810, where the largest α occurs around 50 s after the
trigger.
As mentioned above, the spectra with ( )aE ,p max values

lying above the SCS line can be expected to have a higher
probability of having a photospheric origin. However, how big
this probability is can only be answered by a model comparison
of the physical models, for instance, through Bayesian

Figure 6. Compatibility with photospheric emission models. Upper panel: amax

vs. the corresponding Ep with the same color notation as in Figure 2. The pink
line is the limiting line for the NDP and the yellow–green line is the limiting
line for SCS. Lower panel: number and fraction of amax bins that lie above the
SCS line (green), with a > -0.5max (blue), and that lie above the NDP
line (pink).
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evidence. In any case, for spectra close to the SCS line, a model
comparison will be inconclusive, since both models can
produce similar spectra (over the observed energy range).
Acuner et al. (2020) investigated this point quantitatively and
found that a photospheric preference can be claimed, with great
confidence, only for spectra with α −0.5, as long as the data
have a high significance. To illustrate this point, we perform the
Bayesian model comparison for two example time bins in GRB
150330 (at 1.4 and 137.0 s). We calculate the Bayesian
evidence for the NDP spectrum, ZNDP, and the evidence for the
the slow-cooled synchrotron spectrum, ZSCS. As shown in
Acuner et al. (2020), a log-evidence difference of

Z Zln ln 2NDP SCS indicates that the NDP spectrum is
preferred, while if the ratio is less than −2, the SCS spectrum
is the preferred model. For the 1.4 s time bin, α= −0.24, and
we find that =Z Zln ln 33.6NDP SCS , strongly favoring a
photospheric origin. Correspondingly, for the 137.0 s time
bin, which has α= −0.9, we find that < -Z Zln lnNDP SCS
78.9, strongly favoring an SCS origin (in the comparison
between these two specific models). This shows again that the
α value can be used to make an approximate model comparison
in order to identify the preferred model, which is sufficient for
the present study. A full model comparison investigation based
on Bayesian evidence is beyond the scope of this paper.

We therefore identify spectra that have a > -0.5max
according to the Acuner et al. (2020) criterion. These spectra
are denoted by Ph in Table 2 and shown by the blue bars in the
lower panel of Figure 6. The fraction of these spectra steadily
decreases for subsequent pulses. For the first pulse in a burst,
nearly half of all pulses (18/39) pass this very stringent
criterion. The fraction decreases by approximately half for
every following pulse.

4.2. Spectral Evolution and Correlations

We now examine the spectral evolution and correlations for
the pulses that are compatible with photospheric emission
(Ph in Table 2). The purpose is to assess whether they have
different characteristics of their spectral properties.

For the photospheric pulses, the majority are classified as
flux-tracking or hard-to-soft for both Ep and α. For the Ep

evolution, the tracking pattern is found in about half, or 47%
(20/43), which is only somewhat lower than in the full sample.
However, for the α evolution, flux tracking is still dominant
with 63% (27/43), similar to the full sample.

Turning to the parameter correlations, we find that 47% (20/
43), 51% (22/43), and 26% (11/43) have a strong correlation
(r> 0.7) for the F–α, F–Ep, and α–Ep relations, respectively.
These fractions are similar to the ones for the full sample,
which indicates that the strength of the correlation does not
depend on whether the pulses are photospheric or not.

We again consider the two main types of correlations for
each pair of parameters. For the F–α relation, the two main
types in the full sample were positive (1p) and negative (1n)
monotonic correlations. For the photospheric pulses, these
fractions are 60% (26/43) type 1p and 21% (9/43) type 1n.
For the F–Ep relation, the two main patterns are type 1p and
the convex relation (type 2p), and the photospheric pulses
have 60% (26/43) type 1p and 16% (7/43) type 2p. Finally,
the α–Ep relation has 21% (9/43) type 1p and 35% (15/43)
type 1n. Compared to the full sample (Section 3), these
fractions are not significantly different.

5. Discussion

5.1. Comparison with a Single-pulse Sample

The bursts in our sample were specifically selected, since
they have multiple pulses. Here we address the question of
whether or not the spectral properties of the pulses in our
sample are similar to those of the single-pulse bursts. To do
this, we compare the results in Yu et al. (2019), who studied a
sample of 37 single-pulse bursts.
In Figure 7, we compare the distributions of duration T90,

peak flux, fluence, and the time-integrated spectral shape (Ep,
α, and β from the Band function fit). Our sample is shown by
magenta lines, and the Yu et al. (2019) sample is shown by the
green lines. All of these parameters are collected from the
Fermi/GBM catalog. Both the peak flux (1024 ms timescale)
and the fluence are taken over the 10–1000 keV range. The
average values and standard deviations (1σ error) are presented
in Table 6. Both the peak flux and the fluence are
approximately double for the multipulse bursts. Also, the α
distribution is shifted to softer values for the multipulse bursts.
On the other hand, the Ep and β values are similar between the
samples. The corresponding probabilities from K-S tests are
0.02, <10−2, <10−2, 0.86, <10−2, and 0.19 for t90, peak flux,
fluence, Ep, α, and β, respectively.
In Figure 8, we compare the distributions of the time-

resolved spectral parameters. In order to make a consistent
comparison, we compare the results from using the CPL
function throughout for both samples. This choice is based on
the fact that in the Yu et al. (2019) sample, the CPL model is
the best model. Likewise, we find that in only 29% of the time-
resolved bins is the Band function a better choice (Section 2.6).
We find that the average distribution of α is softer and the flux
is larger for the multipulse sample. However, the Ep

distributions are similar. These results are similar to the time-
integrated spectra comparison. If we instead particularly
identify the distribution of P1, we find that α distributions
have similar peak values. On the other hand, the flux of P1 is
double the corresponding flux for the single-pulse bursts.
We also compare the frequency of the parameter relations

between the samples. Most proportions between the patterns
are similar. However, for the α–Ep relation, there is a notable
difference. In our sample, the proportions are (72%) 74/103 for
type 1 and (20%) 21/103 for type 2, while for the single-pulse
sample, the proportions are (32%) 12/38 for type 1 and (45%)
17/38 for type 2. There is still a similarity in that the two
pattern types are frequent in both samples; there is no strong
dominance. However, in the multipulse sample, the type 1
pattern is relatively more frequent.

5.2. On the Dominance of the Flux-tracking Pattern

We find that the largest fraction of pulses in our sample
follow a tracking pattern, which is at odds with earlier
investigations that instead found that the hard-to-soft evolution
accounts for about two-thirds and the flux-tracking evolution
only accounts for one-third of the observations (e.g., Ford et al.
1995; Lu et al. 2012; Basak & Rao 2013; Yu et al. 2019).
Lu et al. (2012) argued that if there is a significant overlap

between pulses, the classified pattern might be affected. For
instance, an apparently flux-tracking pulse might be a
consequence of two overlapping hard-to-soft pulses. In our
sample, many pulses are slightly overlapping, which means that
in the transition period between the pulses, there are
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contributions from both pulses. Therefore, this might affect our
results. To investigate this point, we particularly study the
“gold” sample (see column 5 in Table 2). These nine bursts12

have 22 pulses that are clearly separated by periods of no
emission. Among these, the flux-tracking pattern accounts for
59% (13/22) of the pulses, while the hard-to-soft pattern only
accounts for 36% (8/22) of the pulses. These fractions are

similar to the ones from the full sample (see Section 3.2). We
conclude, therefore, that our sample is not greatly affected by
the overlap between pulses.
Another possible reason for the difference is the binning

methods used. We use a combination of BBlocks and
significance and only consider the most significant time bins.
The advantage of our method is that the substantial variations
in the light curve are captured and the spectral fits are reliable.
On the other hand, we might miss some of the rising phases of
the pulses. Including a larger fraction of the pulse duration by

Figure 7. Parameter distributions of the duration T90, peak flux, fluence, Ep, α, and β from time-integrated spectra. The sample in this paper is shown by the magenta
curves, while the single-pulse sample in Yu et al. (2019) is shown by the green curves.

12 GRB 081009, GRB 101014, GRB 140416, GRB 140508, GRB 150118,
GRB 150330, GRB 151231, GRB 160802, and GRB 171120.
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using less significant data (S< 20) could change the apparent
pattern of evolution. The spectral evolution of the added
periods might indeed be different, but more seriously, the
spectral fits are less reliable and could therefore give
misleading results.

A further uncertainty is the inherent problem in this type of
classification. A subjective decision needs to be made on where
a pulse starts and ends. This can affect the classification.
Another point is the fact that the tracking behavior, in many
cases, involves a time lag, both positive and negative. If this lag
is large compared to the pulse size, the pulse could be classified
as a hard-to-soft (or soft-to-hard) pulse instead. An example is
the Ep pattern for GRB 120328, where the tracking pattern
depends on one data point during the rise phase. The same
issue happens for α in other cases.13 These uncertainties can
affect the classification of different samples. However, these
cases are not sufficient to explain the whole discrepancy.

Our results thus indicate that the flux-tracking pattern is the
prevalent pattern for α and Ep, at least around the peak of the
pulse, where the significance is the largest. This is also
consistent with the global F–Ep relation in the middle panels in
Figure A9.

5.3. Implication for the Radiation Process

Based on the analysis of the change in α and Ep (Section 3.1
and Figure 2) alone, it was suggested that there are two
categories of pulse groups. The first one, consisting of P1 and

P2, has a constant Ep, while α softens. Within the second
category, there is not much change, but they are all different
from the first two pulses. Moreover, we found that the initial
pulses had different spectral properties (frequency of different
parameter correlation) as a group (Section 3.3). These
distinctions lead to the possibility that they are due to different
emission mechanisms.
In the simplest internal shock model, the late pulses (Pi with

i> 1) occur above the photosphere and hence must have a
synchrotron origin. We do not see such a clear distinction,
indicating that at least the simplest version of the internal shock
model does not represent what we see.
For the photospheric scenario, the α value reflects the energy

dissipation and photon production below the photosphere (e.g.,
Pe’er et al. 2006b; Vurm & Beloborodov 2016). The Ep instead
is mainly set by properties at high optical depths. Therefore, if
the first two pulses are photospheric, the fact that Ep is similar
while α varies could be due to similar properties close to the
central engine but a varying amount of turbulence in the flow
causing the dissipation. The variability and pulse structures of
the photospheric emission have been reproduced by numerical
simulations of a jet passing through the progenitor surrounding.
For instance, López-Cámara et al. (2014) showed that even
with a steady central engine, a light curve with a pulse structure
and large variability arises. The main cause is the Rayleigh–
Taylor instabilities that arise in the contact between the layers
of jet and the surrounding progenitor material. This leads to a
variable amount of mixing between the layers and thereby a
variable baryon load of the jet, which has a direct influence on

Figure 8. Same as Figure 7, but the analysis is based on the time-resolved spectral results. The y-axes on the left are for the pulse groups, while the ones on the right
are for the full samples. The color notation is the same as in Figure 2 for the pulse group samples. The black line is for the full sample in Yu et al. (2019), while the
purple line is for the full sample in this paper.

13 GRB 110301, GRB 130606, GRB 131014, GRB 140213, GRB 141222,
GRB 160422, and GRB 160802.
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the radiative efficiency and spectral shape (see, e.g., Rees &
Mészáros 2005; Gottlieb et al. 2019).

On the other hand, the pulse groups, P3–P6, all have α∼ −1
(Figure 2). This could be explained by synchrotron emission
from electrons that are marginally fast-cooled (Daigne et al.
2011; Yu et al. 2015; Geng et al. 2018). It can thus be argued
that the first two pulses are typically photospheric, while the
rest are due to synchrotron emission. If this interpretation is
correct, one would expect that the two categories would have
distinct and different spectral properties. There are several
points in the analysis above that, therefore, do not support this
interpretation. First, the values of Ep, max are similar for all of
the pulse groups (Figure 3); there is no clear distinction
between the pulse groups. Second, there is no clear distinction
between pulse groups when it comes to the spectral evolution
(Section 3.2) and types of correlations (apart from the initial
pulses; Section 3.3). Third, the average pulse durations are also
similar in all pulse groups. All of these points indicate that
there is no drastic change in emission pattern between the
pulses (apart from α).

On the contrary, the properties of the last four pulse groups
can also be interpreted as photospheric emission. Previous
studies have shown that pulses that, beyond any doubt, are
photospheric all have significant spectral evolution (e.g., Ryde
et al. 2019). In particular, at the end of such pulses, α values
down to −1 and below are common, which is interpreted as the
result of subphotospheric dissipation with varying jet properties
(e.g., Ryde et al. 2010, 2011). Consequently, pulses with α∼
−1 could be the result of dissipative photospheres throughout
the pulse. Indeed, the observation that the last four pulse groups
all peak at around α∼ −1 is in line with the theoretical
expectations of fully dissipative photospheres, i.e., flows where
there is no strong limitation, not on the soft photon production
deep in the flow or the amount of dissipation in the parts of the
flow where the spectrum is formed (Beloborodov 2010; Vurm
et al. 2013).

Even though this line of argument makes the subphoto-
spheric dissipation model appealing for most of the pulses,
some admixture of synchrotron pulses is expected. The most
prominent example of this is GRB 190114C, which, apart from
a very hard spectral component, showed a clear afterglow
emission component already during the prompt phase (Ajello
et al. 2020). This proved that a synchrotron component was
present during the prompt phase (see also Axelsson et al. 2012;
Iyyani et al. 2013). Further early examples of such a suggestion
are given in Ryde (2005), Ryde & Pe’er (2009), and Guiriec
et al. (2011) and more recently in Burgess et al. (2019 and
Wang et al. (2019a, 2019b)).

Many of these synchrotron components are observed at late
times. Combined with the fact that the fraction of (certain)
photospheric pulses decreases with pulse number (Figure 6),
emission compatible with synchrotron appears to prevail
mainly at the end of the prompt phases. Different possibilities
exist for synchrotron emission to arise toward the end of the
prompt phase. One example is GRB 150330, for which Li
(2019a) suggested that the jet composition changes from a
baryon-dominated flow during the first pulse to a Poynting
flux–dominated flow during the rest of the burst, producing
synchrotron emission (see also Zhang et al. 2018). Alterna-
tively, during the early phases of the afterglow, shocks due to
interaction between the jet and slower-moving material ahead

of the jet will also produce efficient synchrotron emission (e.g.,
Duffell & MacFadyen 2015).
However, from the GBM data alone, it is not possible to

make a firm conclusion as to whether a soft pulse is due to
synchrotron or photospheric emission subject to dissipation
below the photosphere, since they are indistinguishable in
many cases (e.g., Acuner et al. 2020). Simultaneous data from
other wavelengths can be useful in some cases (e.g., Ravasio
et al. 2018; Ahlgren et al. 2019; Ajello et al. 2020) or
polarization measurements (e.g., Sharma et al. 2019).

6. Summary

In this paper, we performed time-resolved spectroscopy on a
sample of multipulse GRBs observed by Fermi/GBM during
the first 11 yr of its mission. We investigated the variation in
emission properties between the pulses in light of the prediction
of emission models. Our sample consists of 39 bursts, which
have 117 distinct pulse structures, entailing 1228 time-resolved
spectra. All of the spectra have a very high statistical
significance of S� 20. This ensures that the spectral fits are
well determined and that the low-energy power-law index α
can be used to discriminate between spectra that are compatible
with the photosphere or synchrotron emission. The emission
properties we studied include the spectral shape and the
correlations between spectral shape parameters.
For the sample as a whole, we found that flux-tracking

evolution is more common than hard-to-soft evolution,
independent of the Ep or α evolution, differing from previous
findings. We also found that a positive correlation is most
common for the F–α and F–Ep relations. In contrast, for the
α–Ep relation, both the positive and negative correlations are
equally common. In addition, we compared our sample to that
of the single-pulse sample of Yu et al. (2019). We found that
the peak flux is significantly larger and the average α value is
softer in our sample, while peak energies are similar. On the
other hand, we found that the average α value of the initial
pulse of our multipulse sample is similar to that of the single-
pulse sample.
Specifically, we searched for signatures of any characteristic

variation in the emission properties between pulses that might
reveal different underlying emission processes. We find that the
characteristics of the pulses remain astonishingly similar. It is
mainly the low-energy power-law index α that has a significant
softening (gets smaller). In addition, we find that, on average,
the first pulse in each burst behaves slightly differently than
consecutive pulses when it comes to correlations between
spectral shape parameters.
We further assessed the compatibility of the data with

emission models for each individual pulse. Assuming that the
same emission mechanism operates during a pulse, any single
time bin that violates the synchrotron limit indicates that a
photospheric origin is more probable (Figure 6). We also used
the criterion that a > -0.5max , which identifies pulses that
significantly prefer photospheric emission (Acuner et al. 2020).
The first pulse in a burst is clearly different from the later
pulses; three-fourths of them violate the synchrotron emission,
and half of them prefer photospheric emission. These fractions
decrease rapidly for subsequent pulses.
We argue that in many cases, synchrotron emission in later

pulses might contribute to these trends. However, the similarity
between pulses, averaging over the whole sample, points to a
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photospheric origin of most pulses, albeit with greatly varying
dissipation properties

We conclude that photospheric emission can be found at any
time during the burst duration; however, it is more common in
the early phase. In order to make a general statement of the
emission mechanism in a GRB, the spectral softening of α

between pulses is a property that needs to be considered. In
particular, the analysis of individual pulses will be influenced
by their occurrence relative to the trigger time. The chance to
detect the photosphere is largest among the first few pulses,
while synchrotron emission is mainly found at late times. This
also allows for the coexistence of emissions at late times.

We would like to thank Drs. Magnus Axelsson, Damien
Bégué Hüsne, Dereli-Bégué, and Yu Wang for useful
discussions. This research is supported by the Swedish
National Space Agency and made use of the High Energy
Astrophysics Science Archive Research Center (HEASARC)
Online Service at the NASA/Goddard Space Flight Center
(GSFC). In particular, we thank the GBM team for providing
the tools and data that were used in this research. F.R. is
supported by the Göran Gustafsson Foundation for Research in

Natural Sciences and Medicine and the Swedish Research
Council (Vetenskapsrådet), while A.P. acknowledges support
from the EU via the ERC grant O.M.J. Part of this work was
performed during Dr. Liang Li’s visits with Professors
Anzhong Wang, Qiang Wu, and Tao Zhu at the United Center
for Gravitational Wave Physics (UCGWP) and Professors
Yefei Yuan and Yifu Cai at the University of Science and
Technology of China (USTC), China.
Facility: Fermi/GBM.
Software: 3ML (Vianello et al. 2015).

Appendix A

In this appendix, we provide additional figures and tables
and present the definition of the fitting models, as well as the
discarded sample.

A.1. Best Model-based Parameter Evolution in Different
Pulses Text

In Figures A1–A4, we provide the evolution of the spectral
parameters Ep, α, vFv flux, and β for all the bursts based on the
best models defined in Section 2.6.
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Figure A1. Temporal evolution of Ep. Data points with solid orange, blue–magenta, violet, yellow, cyan, and green colors indicate time-series pulses of P1, P2, P3, P4,
P5, and P6, respectively. Count-rate light curves are overlaid in gray. All data points correspond to a statistical significance S � 20.
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Figure A1. (Continued.)
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Figure A1. (Continued.)
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Figure A2. Temporal evolution of the α index. The symbols and colors are the same as in Figure A1.
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Figure A2. (Continued.)
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Figure A2. (Continued.)
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Figure A3. Temporal evolution of energy flux F. The symbols and colors are the same as in Figure A1.
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Figure A3. (Continued.)
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Figure A3. (Continued.)
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Figure A4. Temporal evolution of the β index of the Band model. The symbols and colors are the same as in Figure A2.

31

The Astrophysical Journal Supplement Series, 254:35 (48pp), 2021 June Li et al.



Figure A4. (Continued.)
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Figure A4. (Continued.)
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A.2. Best Model-based Parameter Relations in Different
Pulses Text

In Figures A5–A7, we provide the F–α, F–Ep, and α–Ep

relations for all the bursts based on the best models defined in
Section 2.6.

Figure A5. The F–α relation. Data points with solid orange, blue–magenta, violet, yellow, cyan, and green colors indicate time-series pulses of P1, P2, P3, P4, P5, and
P6, respectively. All data points correspond to a statistical significance S � 20.
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Figure A5. (Continued.)
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Figure A5. (Continued.)
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Figure A6. The F–Ep relation. The symbols and colors are the same as in Figure A5.
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Figure A6. (Continued.)
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Figure A6. (Continued.)
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Figure A7. The α–Ep relation. The symbols and colors are the same as in Figure A7.
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Figure A7. (Continued.)
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A.3. Single Model-based Parameter Distributions in Different
Pulses

In Figure A8, we provide the results of the parameter
distributions, separated by two empirical photon models (Band
and CPL). The overall parameter distributions we studied
include four parameters (α, β, Ep, and F) in the Band model
and three parameters (α, Ep, and F) in the CPL model. The
corresponding average values and standard deviations from the
best Gaussian fit for each distribution are presented in
Table A1.

The main results of parameter distributions (α, Ep, and F)
among pulses obtained from a single model (Figure A8), either

the Band or the CPL model, are consistent with the finding in
the best model (Figure 2), as we discussed in the main text. For
the β distribution, we find a bimodal distribution for each time-
series pulse sample, as well as the global sample, where the
harder peak is at ∼−2.3 and the softer peak is at ∼−6.1. The
two peaks are basically the same for all different time-series
pulses. We also find that the β indices are typically softer
(about half of the Band spectra; the obtained β indices cannot
be well converged) than some previous catalogs, whose
analysis is based on the frequency analysis method, but
consistent with the results found in Yu et al. (2019), who also
adopted a fully Bayesian method but for a single-pulse sample.

Figure A7. (Continued.)
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Figure A8. Same as Figure 2, but the analysis is based on the spectral parameters derived from a single model (Band or CPL). Colors are the same as in Figure 2. Left
panels are for the Band model, and right panels are for the CPL model. The lower panel shows the distribution of β for the Band model.
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A.4. Single Model-based Parameter Relations in Different
Pulses

We show global pulsewise parameter relations for our full
sample in Figure A9. We present each parameter relation based
on the two different photon models (the Band and CPL): F–α
relation based on the Band model (first left panel), F–α relation
based on the CPL model (first right panel), F–Ep relation based
on the Band model (second left panel), F–Ep relation based on
the CPL model (second right panel), α–Ep relation based on the
Band model (third left panel), α–Ep relation based on the CPL
model (third right panel), and α–β relation based on the Band
model (bottom panel).

We find that there is no significant difference in the global
parameter relations between the Band and CPL models. In
addition, the F–Ep Golenetskii relation based on the Band model
shows a stronger monotonic positive correlation than the CPL
model. For the F–α relation, a cluster of data points that
significantly deviate from the peak of the distribution (probably
mainly contributed by type 2 in the individual parameter relations)
mainly come from the early (P1) pulse. In short, the global F–α
relation shows a monotone positive correlation following a break
behavior. Such a break may be originated from thermal emission.
The global F–Ep relation displays type 1p behavior, while the
global α–Ep shows an anticorrelation type 1n behavior. Finally,
we do not find a clear trend in the global α−β relation.

Table A1
Results of the Average and Deviation Values of the Parameter Distribution

Pulse Model Spectra α Ep F β β

(Group) (Selected) (Number) (keV) (erg s−1 cm−2) (Well Converged) (Unconverged)
(1) (2) (3) (4) (5) (6) (7) (8)

P1 CPL 338 −0.80 ± 0.27 log10(273) ± 0.38 log10(5.19e−6) ± 0.52 L L
P2 CPL 361 −0.92 ± 0.36 log10(248) ± 0.44 log10(4.13e−6) ± 0.50 L L
P3 CPL 156 −1.06 ± 0.36 log10(204) ± 0.26 log10(2.82e−6) ± 0.40 L L
P(4+5+6) CPL 89 −1.06 ± 0.19 log10(218) ± 0.31 log10(2.98e−6) ± 0.38 L L
Overall CPL 944 −0.91 ± 0.33 log10(239) ± 0.40 log10(3.99e−6) ± 0.47 L L

P1 Band 338 −0.70 ± 0.29 log10(234) ± 0.40 log10(6.09e−6) ± 0.53 −2.24 ± 0.42 −5.23 ± 1.23
P2 Band 361 −0.82 ± 0.35 log10(221) ± 0.46 log10(4.63e−6) ± 0.51 −2.19 ± 0.66 −5.63 ± 1.15
P3 Band 156 −1.00 ± 0.32 log10(169) ± 0.32 log10(3.02e−6) ± 0.41 −2.50 ± 0.90 −5.46 ± 0.97
P(4+5+6) Band 89 −0.99 ± 0.20 log10(207) ± 0.36 log10(2.98e−6) ± 0.39 −2.77 ± 0.86 −5.58 ± 0.95
Overall Band 944 −0.82 ± 0.34 log10(213) ± 0.41 log10(4.56e−6) ± 0.47 −2.52 ± 0.39 −5.42 ± 0.94

Note. Same as Table 3, but the results are based on a single empirical photon model.
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Figure A9. Pulsewise global relations of the fitted parameters of the Band and CPL models with statistical significance S � 20. The colors are the same as in Figure 2.
Left panels are for the Band model, right panels are for the CPL model, and the bottom panel is only for the Band model.
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Appendix B
Additional Table

The spectral parameters for each time bin are obtained by
applying both the Band and CPL models to fit all 944 spectra.
The results of the time-resolved spectral fits for each burst in
our global sample, which include the start and stop times of the
BBlocks (column 1); the statistical significance S (column 2);
the best-fit parameters of the CPL model (columns 3–7),
including the normalization K, low-energy power-law photon

spectral index α, break energy Ec, peak energy
14

Ep, and νFν

flux F; the best-fit parameters of the Band model (columns
8–12), containing the normalization, low-energy power-law
photon spectral index α, high-energy power-law photon
spectral index β, peak energy Ep, and νFν flux F; the ΔDIC
(column 13); the pDIC

CPL based on the CPL model fitting (column
14); and the pDIC

Band based on the Band model fitting (column 15)
are listed in Table B1. For the definition of ΔDIC, as well as
the discussion for pDIC, please see Section 2.6 for details.

14 We note that in a few cases, the value of Ep is close to the lower limit of the
detector range. Since the effective area decreases rapidly at the edges of the
detector energy range and the determination of α suffers from the lack of
dynamical range below the peak, the time bins with Ep < 20 keV should be
largely ignored (see, e.g., Ravasio et al. 2019).
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Abstract

GRB 190114C extends the focus of gamma-ray burst (GRB) research to the high-energy regime, in which a prime
question is “Do all long-duration GRBs emit GeV photons?” Based on the Fermi Large Area Telescope (LAT) 10
yr observations, 54 GRBs initially within the Fermi-LAT field of view and with known redshift are sampled.
Within 26 of these GRBs at least one GeV photon has been detected with a probability of >95%, while the other
28 GRBs have no confident GeV photon detection. We hypothesize that all the samples intrinsically emit GeV
photons, and the lack of detection is due to the limited capacity of the satellite. We estimate the theoretical number
of photons that LAT receives by considering the GRB energy, the distance, and the LAT effective area. Results
show, within the uncertainty, that all 26 GRBs with GeV photon detection have a theoretical photon number of >1,
and 27 out of 28 GRBs without GeV photon detection have a theoretical photon number of <1. This agreement
tends to support our hypothesis and give an answer of “yes” to our initial question.

Unified Astronomy Thesaurus concepts: Gamma-ray bursters (1878); High energy astrophysics (739);
Astronomical instrumentation (799)

1. Introduction

The hitherto most comprehensively studied gamma-ray burst
—GRB 190114C—spotlights the high-energy emission (Wang
et al. 2019a). It has prominent GeV radiation that was observed
by the Fermi Large Area Telescope (LAT) (Kocevski et al.
2019) allowed TeV photons to be detected by the MAGIC
telescope for the first time; (Mirzoyan et al. 2019). The
confirmation of the existence of TeV emission extends
the boundary of GRB high-energy emission by orders of
magnitude; therefore, the energy deposited in the high-energy
photons (>10MeV) is probably greater than the traditional
isotropic energy Eiso (1 keV to 10MeV) in some GRBs (Wang
et al. 2019a). The elevation of high-energy emission to the
dominant band urges one to revisit current GRB models, and
one prime question that the modeling must address is the
universality of the high-energy emission, as the title of this
article suggests.

To have a reliable answer, it is preferable to implement the
logic in a model-independent approach, and to avoid many
assumptions. In this article, we attempt to offer a reply based
entirely on observations. Fermi-LAT has been the leading
telescope observing the high-energy sky since 2008; it has
published two GRB catalogs (Ackermann et al. 2013; Ajello
et al. 2019) and spawned several works on the large sample
analysis (see, e.g., Zhang et al. 2011; Ackermann et al. 2012;
Panaitescu 2017; Nava 2018).

Our analysis surveys the Fermi-LAT GRBs up to the end of
2018. We limit our discussion to the long-duration GRBs, since
there is only one short-duration burst, GRB 090510, which has
measured redshift and GeV photons (Ackermann et al. 2010).
We propose a hypothesis that all the long-duration GRBs emit
GeV photons, but not all can be detected by Fermi-LAT. The
detection or the absence of GeV photons emitted from a given
burst is practically determined by whether there are photons
reaching the effective area of Fermi-LAT. In this article, we
define the criteria of detection as Fermi-LAT, within its energy
band of 0.1–100 GeV, detecting at least one photon with

probability >95% coming from a given source in the first 200 s
of its rest-frame time after the trigger.
Following the above logic, in Section 2, we give an

analytical approximation of the Fermi-LAT effective area. In
Section 3, we formulate the expected number of photons
detected by Fermi-LAT from a burst of given energy and
distance. In Section 4, we compare, for 54 GRBs, the
theoretical expectation of GeV photon detection that stemmed
from our hypothesis with the real Fermi-LAT observations; the
result shows that observations support our hypothesis. In
Section 5, a discussion and summary are presented.

2. Effective Area of Fermi-LAT

The Fermi-LAT capacity for detecting gamma-ray photons is
described by the satellite’s response functions, which are
generalized by the effective area (Aeff). It represents the
effective size of the detector responding to incident photons
with different energy and different directions (Atwood et al.
2009).
The effective area can be expressed as Aeff(θ, ò), where θ is

the bore-sight angle (the bore-sight of the satellite with respect
to the direction of the observing object), and ò is the photon
energy. We here ignore the azimuthal angle, which has a weak
influence (∼5% variation of effective area) and we take the
initial bore-sight angle at the time of the Fermi-GBM trigger
and/or when the GRB enters the Fermi-LAT field of view in
case of repointing. We ignore the time variation of the bore-
sight angle since it changes nonobviously during the prompt
emission.4 The exact effective area has a complicated form
consisting of numerical matrices,5 so here we fit the numerical

The Astrophysical Journal, 913:86 (6pp), 2021 June 1 https://doi.org/10.3847/1538-4357/abf2cb
© 2021. The American Astronomical Society. All rights reserved.

4 For the majority of GRBs, the bore-sight angle changes less than 10° in the
first 100 s after the trigger.
5 More information on the Fermi-LAT effective area: http://www.slac.
stanford.edu/exp/glast/groups/canda/lat_Performance.htm and https://
fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_
LAT_IRFs/IRF_EA.html.
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form to present approximately in a simple analytical way:

q q A A f g, 1eff 0( ) ( ) ( ) ( )

where Aeff(θ, ò) is separated into the energy-dependent term,
f (ò), and the angle-dependent term, g(θ), and A0 is a constant.

The suggested band of Fermi-LAT covers from 100MeV to
100 GeV. In Figure 1, from the effective area at a constant
bore-sight angle θ= 0, the analytical fitting infers the constant
A0= 9200 cm2 and the energy-dependent term

- <
<

  





2

f
0.2 ln 0.489 for 100 MeV 1678 MeV,
1 for 1678 MeV 100 GeV.

⎧⎨⎩
( )

( ) ( )

Conversely, by setting a constant energy at 10 GeV, we obtain
the angle-dependent term

q q q- ´  < - g 1 1.58 10 for 0 70 . 34 2( ) ( )

A smaller bore-sight angle corresponds to a larger effective
area. At θ> 70°, the effective area becomes tiny, which is
considered to be beyond the threshold. As we will show, the
accuracy of the above approximation of effective area is
adequate for the discussions within this article.

3. Detectability of GeV Photon

Fermi-LAT is able to recognize a single photon and assign
the probability of this photon belonging to a given source. For
reporting the observation of GeV emission in a specific GRB,
this article takes the criteria that at least one photon from the
GRB shall reach the detecting area of Fermi-LAT. This
suggests the possibility that some GRBs do not emit powerful
GeV radiation or/and they locate at a very large distance, so
there may not even be one photon that can be received by the
satellite, since the effective area is limited.

Following this, we estimate the theoretical number of
photons received by Fermi-LAT for a GRB occurring at
redshift z with the isotropic GeV energy ELAT defined in the
Fermi-LAT energy band (100MeV to 100 GeV). In the GRB’s
cosmological rest frame, the photon number density at energy ò

is

= = -


n
dN

d
C . 42( ) ( )

The power-law index −2 is a typical value from the Fermi-
LAT spectral fitting (Ajello et al. 2019) and C is the
normalization, which can be obtained by solving

ò ò= = =-    E n d C d
C

0.145
.

5

LAT
100 MeV

100 GeV

100 MeV

100 GeV
2( )

( )
Therefore, we obtain

=C E0.145 , 6LAT ( )
where the energy is in units of MeV. The observed photon
number density depends on the distance of the source, and the
effective area of the satellite,

q
p
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n n z

A
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, 7

l
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where z is the redshift, Dl is the luminosity distance,6 and
(1+ z)ò is due to the cosmological expansion. The analytical
effective area Aeff(θ, ò) has been presented in Equations (1), (2),
and (3). Finally the total photon number observed by the
satellite from a burst at bore-sight angle θ is

ò
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where the bore-sight angle θ= 0° and θ= 70° give the upper
and the lower limits.

4. Do All Long-duration GRBs Emit GeV Photons?

Do all long-duration GRBs emit GeV photons? We are
unable to affirm a direct answer from the current observation,

Figure 1. Effective area of Fermi-LAT. Left: the energy-dependent effective area at a constant bore-sight angle θ = 0. Right: the angle-dependent effective area at a
constant energy ò = 10 GeV. The solid blue dots are the experimental measured effective area, and the dashed orange lines are the fittings of f (ò) and g(θ).

6 Distance is computed by the FLRW metric adopting the cosmological
parameters from the Planck mission (Planck Collaboration et al. 2020): Hubble
constant H0 = (67.4 ± 0.5) km s−1 Mpc−1, and matter density parameter
ΩM = 0.315 ± 0.007.
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since GRB is a very complicated system at cosmological
distances. It initially undergoes an optically thick period when
the photon–photon and photon–lepton collisions may occur
(see, e.g., Razzaque et al. 2004; Bosnjak & Kumar 2012;
Bégué & Iyyani 2014; Gill & Granot 2018), and we receive
only a tiny fraction of the GRB emission; this fraction is even
affected by the circumburst medium and the interactions along
its billions of light-year transportation (see, e.g., Shao &
Dai 2007; Li et al. 2008; Desai et al. 2017; Ajello et al. 2018;
Li et al. 2018a). Instead, we restrict the question to “Does
Fermi-LAT observe all the GRBs that it shall observe, and miss
all the GRBs that it shall miss?”; here “shall observe” and
“shall miss” correspond to nobs> 1 and nobs< 1, respectively.
In other words, we expect, if nobs> 1, Fermi-LAT probably
detects at least one GeV photon; if nobs< 1, Fermi-LAT
probably misses the detection even though the GRB has GeV
emission.

Estimating nobs using Equation (8) requires the redshift z, the
bore-sight angle θ, and the GeV isotropic energy ELAT. For the
first two requirements, we select our sample of GRBs with
known redshift, and within the threshold of bore-sight angle
(θ< 70°) at the trigger time. The GeV isotropic energy ELAT is
integrated from the spectrum fitted by the unbinned likelihood
analysis (Abdo et al. 2009) in the energy band of 100MeV to
100 GeV and for a duration of 200 s in the cosmological rest
frame since the Fermi-LAT trigger and k-correlation is
applied7; for the GRBs without any GeV photons observed,
we postulate the existence of GeV emission from the source,
and infer the ELAT from the ELAT− Eiso correlation, which is to
be fitted and confirmed from the Fermi GRBs.

Our sample is composed of 54 GRBs that initially locate
within the threshold of bore-sight angle (θ< 70°) and have
measured redshift. It includes two groups: 26 GRBs with GeV
photon detection and 28 GRBs without GeV photon detection.8

We apply the Markov Chain Monte Carlo (MCMC) iteration to
verify the correlation between Eiso and ELAT

9, a correlation
coefficient 0.867± 0.047 is obtained from the group of 26
GRBs having detected GeV emission, and a simple power-law
dependence is given:

= ´-
+

-
+

E
E

1.12 10
10 erg

erg. 9LAT 0.68
0.95 52 iso

53

1.18 0.12
0.16

⎜ ⎟⎛⎝ ⎞⎠ ( )

As shown in Figure 2, the error corresponds to the 95%
confidence region. Such a high correlation coefficient indicates
that Eiso and ELAT are strongly correlated. Therefore, we are
safe to infer the postulated ELAT from the measured Eiso for the
group of 28 GRBs.

In practice, we solve Equation (8) by replacing ELAT with
Eiso via Equation (9) and setting nobs= 1. As a result, we have
Eiso as a function of z and θ. In Figure 3, Eiso(z) is shown as the
solid blue curve and the dashed orange curve, corresponding to
the conditions of θ= 0° and θ= 70°, respectively. These two
curves give two limits: the region below the solid blue curve
represents the scenario where less than one GeV photon will
arrive at Fermi-LAT even though the source is along the line of
sight θ= 0° (“shall miss,” nobs< 1), and the region above the
dashed orange curve represents the scenario where more than

one photon will arrive at Fermi-LAT even though the source is
on the edge θ= 70° (“shall observe,” nobs> 1). We expect that
for our sample, the GRBs below the solid blue curve shall all
belong to the group of red sources that have no GeV photon
detection, and the GRBs above the dashed orange curve shall
all belong to the group of 26 sources that have observed GeV
photons; the GRBs between the two curves can belong to either
group. The result shows, within the 95% confidence region,
nearly all GRBs meet our expectation. It tends to support that
all long-duration GRBs emit GeV photons.

5. Discussion and Summary

The only outsider GRB 180728A is weak and nearby
(Eiso= 2.81× 1051 erg and z = 0.117). Statistically, one
exception from a sample of 54 GRBs does not affect the
conclusion. But as a single event, it brings two major
possibilities: (1) Weak GRBs have GeV emission, but the
power-law correlation of Eiso− ELAT deviates at the low Eiso

Figure 2. ELAT − Eiso correlation: the fitting of 26 Fermi-LAT GRBs gives
µE ELAT iso

1.18. The correlation coefficient reaches 0.867 ± 0.047. The shadow
corresponds to the 95% confidence region.

Figure 3. z − Eiso map: the solid blue/dashed orange curve presents the
theoretical estimation that one photon from the GRB with energy Eiso, redshift
z, and bore-sight angle θ = 0°/70° can reach the detecting area of Fermi-LAT.
The shadow presents the uncertainty brought by the ELAT − Eiso fitting. The
points are the observed GRBs, the black ones are the GRBs that Fermi-LAT
has observed GeV photons from, while the gray ones have not had any
observed GeV photons.

7 See Appendix A for data analysis.
8 Details of sample selection in Appendix A.
9 Details of MCMC in Appendix B.
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tail. Currently, the lowest energy GRB from which GeV
photons have been detected is GRB 091127, of which
Eiso= 7.8× 1051 erg, below this energy we have no knowledge
to confidently infer the Eiso− ELAT correlation. (2) Weak
GRBs have no GeV emission, as predicted by some models
(Ruffini et al. 2018a; Rueda et al. 2019). This possibility aligns
with all five GRBs of Eiso< 5× 1051 having no detection of
GeV emission.

The energies of Eiso and ELAT are both considered in an
isotropic form, but this is not equivalent to having intrinsically
isotropic MeV and GeV emissions. Our method relies on the
existence of a correlation between the MeV and GeV emissions,
adopting the isotropic form keeps the correctness of the
conclusion and makes the expression simple. We realize different
opening angles in each energy band of each GRB influence the
fitting, but apparently the influence does not propagate
significantly to the final assessment. On the other hand, the
Fermi satellite is triggered mainly by MeV emission (Ajello et al.
2019), and from the fact that Fermi-LAT has observed all the
GRBs that it shall observe; it infers the opening angles of MeV
and GeV emissions are comparable in the early phase at least.

The fitting of the Eiso− ELAT correlation gives a wide
confidence region in Figure 2 because the data points are
scattered, which is expected since many nonintrinsic factors
may enlarge the data dispersion, for example, different
absorption from different galaxy environments. This large
uncertainty propagates to the z−Eiso map in Figure 3, bringing
corresponding large confidence regions at high energy. If we
assess in a more deterministic way that ignoring those GRBs
located in these uncertain regions, the remaining ones, except
GRB 180728A, still conform to our expectation.

To summarize, the methodology throughout this article is to
have a simple and clear logic. We ask one question (Do all
long-duration gamma-ray bursts emit GeV photons?), do the
plain estimation (number of GeV photons received by Fermi-
LAT), and involve the smallest number of GRB parameters
(energy and redshift). We avoid complexity since the current
knowledge of GRBs and their environment, as well as the
capacity of current satellites, cannot afford a decimal-level
precision of analysis. We expect our result based on the concise
analysis at least shows the possible direction of the answer. In

reality, nearly the entire sample complies with our theoretical
expectation. The goodness of the result confirms that the
energy and the redshift are the leading factors affecting
the GeV detection by Fermi-LAT, and it tends to support the
answer of “yes” to the question in the title of this article.

The author thanks Prof. Rahim Moradi and Prof. Liang Li
for the complete reading and many useful comments, and
especially thanks the referee who helped make the paper clear
and precise. The author acknowledges the use of the public data
from Fermi data archives.

Appendix A
GRB Sample

Our sample is composed of Fermi long-duration GRBs with
an initial bore-sight angle of θ< 70° and with measured
redshift until the end of 2018. It contains two subsamples that
have or have not detected GeV photons. For the GRBs with
detected GeV photons, by applying our criteria that at least one
photon with the probability >95% was detected in the first
200 s of rest-frame time, our complete survey finds, after
excluding GRB 150403A, which is influenced by the Earth
limb emission for its initial zenith angle ζ> 100°, 26 GRBs, as
the first subsample. For the GRBs that have no detection of
GeV photons, excluding the ultra-long GRB 130925A because
its long duration brings inconsistency in computing isotropic
energy, we eventually have 28 GRBs in the second subsample.
All GRBs are listed in Table 1. Our sample mostly coincides
with the sample in Ajello et al. (2019), in which different
selection criteria are applied, e.g., they require at least three
photons with probability >90%.
The above survey requires the data analysis of assigning the

probability of each photon belonging to a given burst, we
perform the unbinned likelihood analysis following Abdo et al.
(2009) and the corresponding tutorial10 by utilizing the
likelihood functions provided by Fermitools.11 Pass 8 data
are retrieved from the Fermi Science Support Center12,
background models of Galactic diffuse emission, extragalactic
isotropic diffuse emission, and point-like source models are
included in the Fermitools distribution, and we adopt the
response function for the transient sources.

10 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/likelihood_
tutorial.html
11 https://github.com/fermi-lat/Fermitools-conda/wiki
12 https://fermi.gsfc.nasa.gov/ssc/
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Table 1
List of Fermi Long-duration GRBs Initially within the Threshold of Bore-sight Angle (θ < 70) and with the Redshift Measured

GRB z θ TS Eiso ELAT Reference
(degree) (1052 erg) (1052 erg)

080916C 4.35 49.0 1537 647.2 ± 12.50 276.12 ± 44.20 Ackermann et al. (2013); Ajello et al. (2019)
090323 3.57 56.5 213 411.7 ± 11.70 54.16 ± 18.38 Ackermann et al. (2013); Ajello et al. (2019)
090328 0.74 65.7 148 11.7 ± 0.50 1.08 ± 0.29 Ackermann et al. (2013); Ajello et al. (2019)
090902B 1.82 50.3 3179 343.6 ± 2.60 77.73 ± 9.59 Ackermann et al. (2013); Ajello et al. (2019)
090926A 2.11 48.0 2867 242.0 ± 5.10 184.62 ± 25.01 Ackermann et al. (2013); Ajello et al. (2019)
091003 0.90 12.2 187 9.9 ± 0.30 1.39 ± 0.61 Ackermann et al. (2013); Ajello et al. (2019)
091127 0.49 25.8 34 0.78 ± 0.08 0.10 ± 0.09 Troja et al. (2012); Ajello et al. (2019)
100414A 1.37 69.6 209 52.5 ± 1.10 7.82 ± 3.51 Ackermann et al. (2013); Ajello et al. (2019)
100728A 1.57 60.5 44 95.0 ± 0.71 2.02 ± 1.52 Atteia et al. (2017); Ajello et al. (2019)
110731A 2.83 2.9 196 71.7 ± 2.80 18.43 ± 6.17 Ackermann et al. (2013); Ajello et al. (2019)
120624B 2.20 68.2 434 320.9 ± 0.55 20.12 ± 4.75 Atteia et al. (2017); Ajello et al. (2019)
130427A 0.34 46.4 3913 105.0 ± 15.00 3.69 ± 0.44 Amati et al. (2013); Wang et al. (2019b); Ajello et al. (2019)
130518A 2.49 40.3 133 150.0 ± 15.98 20.14 ± 7.56 Atteia et al. (2017); Ajello et al. (2019)
131108A 2.40 20.4 686 51.2 ± 3.82 38.62 ± 6.84 Atteia et al. (2017); Ajello et al. (2019)
131231A 0.64 37.2 204 39.0 ± 2.00 1.22 ± 0.55 Liu et al. (2014); Li et al. (2019); Ajello et al. (2019)
141028A 2.33 36.4 166 63.2 ± 0.27 12.82 ± 4.89 Atteia et al. (2017); Ajello et al. (2019)
141220A 1.3195 47 16 5.73 ± 0.16 0.36 ± 0.30 Yu (2014); Atteia et al. (2017)
150314A 1.76 45.1 33 70.1 ± 3.25 2.13 ± 1.23 Atteia et al. (2017); Ajello et al. (2019)
150514A 0.81 39.2 10 1.26 ± 0.05 0.16 ± 0.14 Roberts et al. (2015); Dirirsa et al. (2017); Ajello et al. (2019)
151027A 0.81 10 12 3.94 ± 1.33 0.38 ± 0.34 Wang et al. (2018)
160509A 1.17 33.1 485 92.9 ± 14.02 6.88 ± 44.20 Atteia et al. (2017); Ajello et al. (2019)
160625B 1.41 41.2 1551 421.5 ± 8.49 19.32 ± 18.38 Atteia et al. (2017); Ajello et al. (2019)
170214A 2.53 33.2 1144 549.0 ± 0.61 58.38 ± 0.29 Mailyan & Meegan (2017); Tang et al. (2017); Ajello et al. (2019)
170405A 3.51 52.0 75 411.5 ± 3.66 276.12 ± 9.59 Hui & Meegan (2017); Ajello et al. (2019)
180703A 0.6678 48 43 3.38 ± 0.06 54.16 ± 25.01 Poolakkil & Meegan (2018)
180720B 0.65 49.1 750 68.2 ± 2.30 1.08 ± 0.61 Cherry et al. (2018); Fraija et al. (2019); Ajello et al. (2019)
081222 2.77 50 L 16.9 ± 1.92 L Atteia et al. (2017)
090516A 4.109 20 L 69.02 ± 7.54 L Li et al. (2018b)
091208B 1.063 55.6 L 3.0 ± 0.40 L Ackermann et al. (2013)
100615A 1.398 64 L 5.82 ± 0.24 L Li et al. (2018b)
100728B 2.106 57.1 L 3.8 ± 0.12 L Atteia et al. (2017)
101219B 0.55 59 L 4.2 ± 0.3 L Lü et al. (2018)
110128A 2.339 45 L 1.58 ± 0.21 L Ruffini et al. (2018b)
111228A 0.716 70 L 4.17 ± 0.45 L Li et al. (2018b)
120119A 1.728 31.4 L 35.2 ± 4.15 L Atteia et al. (2017)
120712A 4.175 42 L 18.57 ± 0.27 L Li et al. (2018b)
120716A 2.486 63 L 29.1 ± 0.14 L Atteia et al. (2017)
120909A 3.93 66 L 69.0 ± 5.0 L Golenetskii et al. (2012)
130528A 1.25 60 L 18.0 ± 2.3 L Ruffini et al. (2018b)
131105A 1.686 37 L 34.31 ± 2.63 L Li et al. (2018b)
140206A 2.73 46 L 35.8 ± 7.90 L Wang et al. (2018)
140213A 1.2076 48.5 L 8.4 ± 0.29 L Atteia et al. (2017)
140423A 3.26 44 L 55.98 ± 3.04 L Ghirlanda et al. (2018)
140606B 0.384 66 L 0.25 ± 0.2 L Golenetskii et al. (2014)
140623A 1.92 32 L 7.50 ± 0.95 L Ghirlanda et al. (2018)
140703A 4.13 16 L 1.95 ± 0.11 L Li et al. (2018b)
140907A 1.21 16 L 2.6 ± 0.04 L Atteia et al. (2017)
150301B 1.5169 39 L 1.9 ± 0.03 L Atteia et al. (2017)
150727A 0.313 46 L 0.21 ± 0.08 L Younes (2015)
151111A 3.5 50 L 3.43 ± 1.19 L Ruffini et al. (2018b)
161014A 2.823 69 L 10.1 ± 1.7 L Ruffini et al. (2018b)
171222A 2.409 43 L 3.21 ± 0.18 L Stanbro et al. (2017)
180728A 0.117 35 L 0.281 ± 0.01 L Wang et al. (2019b)
181010A 1.39 48.1 L 0.32 ± 0.05 L von Kienlin (2018)

Note. Including 26/28 GRBs with/without the GeV photon detection: the redshift (z), the bore-sight angle (θ), the test statistics (TS), and the gamma-ray isotropic Eiso

(1 keV to 10 MeV) are from the quoted references. The GeV isotropic energy ELAT (100 MeV to 100 GeV, first 200 s of rest-frame time) and TS value are computed
by the unbinned likelihood analysis.
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Appendix B
Correlation Coefficient

The reliability of the correlation between the gamma-ray
isotropic energy (Eiso) and the GeV isotropic energy (ELAT) is
tested by the correlation coefficient. Here we apply the Markov
Chain Monte Carlo (MCMC) algorithm to obtain the
covariance matrix of the multivariate normal distribution, and
consequently the correlation coefficient (Chib & Winkelmann
2001). By implementing the Python package PyMC3 (Salvatier
et al. 2016), we iterate 105 times and burn the first 104 times.
The correlation coefficient and its uncertainty is obtained as
0.867± 0.047, which indicates a strong correlation. Figure 4
shows the value of iterations and the corresponding distribu-
tion. If only considering GRBs of Eiso> 3× 1053 erg, for
which scattering occurs as shown in Figure 2, the correlation
coefficient is 0.830± 0.076, indicating a strong correlation
as well.
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8Dipartimento di Fisica e Scienze della Terra, Università degli Studi di Ferrara, Via Saragat 1, I-44122 Ferrara, Italy
9INAF, Istituto di Astrofisica e Planetologia Spaziali, Via Fosso del Cavaliere 100, I-00133 Rome, Italy
10ICRANet-Armenia, Marshall Baghramian Avenue 24a, Yerevan 0019, Republic of Armenia
11Fesenkov Astrophysical Institute, Observatory 23, 050020 Almaty, Kazakhstan
12Instituto de Astrofı́sica, Facultad de Fı́sica, Pontificia Universidad Católica de Chile, Av. Vicuña Mackenna 4860, Macul, 8970117 Santiago, Chile
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ABSTRACT
We recall evidence that long gamma-ray bursts (GRBs) have binary progenitors and give new examples. Binary-driven hypernovae
(BdHNe) consist of a carbon–oxygen core (COcore) and a neutron star (NS) companion. For binary periods ∼5 min, the COcore

collapse originates the subclass BdHN I characterized by (1) an outstanding supernova (SN; the ‘SN-rise’); (2) a black hole (BH),
born from the NS collapse by SN matter accretion, leading to a GeV emission with luminosity LGeV = AGeV t−αGeV , observed only
in some cases; and (3) a new NS (νNS), born from the SN, originating from the X-ray afterglow with LX = AX t−αX , observed
in all BdHN I. We record 378 sources and present for four prototype GRBs 130427A, 160509A, 180720B, and 190114C: (1)
spectra, luminosities, SN-rise duration; (2) AX, αX = 1.48 ± 0.32, and (3) the νNS spin time evolution. We infer (i) AGeV, αGeV =
1.19 ± 0.04 and (ii) the BdHN I morphology from time-resolved spectral analysis, three-dimensional simulations, and the GeV
emission presence/absence in 54 sources within the Fermi-Large Area Telescope boresight angle. For 25 sources, we give the
integrated and time-varying GeV emission, 29 sources have no GeV emission detected and show X/gamma-ray flares previously
inferred as observed along the binary plane. The 25/54 ratio implies the GeV radiation is emitted within a cone of half-opening
angle ≈60◦ from the normal to the orbital plane. We deduce BH masses of 2.3–8.9 M� and spin of 0.27–0.87 by explaining the
GeV emission from the BH rotational energy extraction, while their time evolution validates the BH mass–energy formula.

Key words: black hole physics – binaries: general – gamma-ray bursts – transients: supernovae.

1 IN T RO D U C T I O N

The year 2021 marks the 50th anniversary of the paper ‘Introducing
the black hole’ (Ruffini & Wheeler 1971) and of the black hole (BH)

� E-mail: ruffini@icra.it (RR); rahim.moradi@icranet.org (RM);
jorge.rueda@icra.it (JAR)

mass–energy formula (Christodoulou 1970; Christodoulou & Ruffini
1971; Hawking 1971; Hawking 1972). Since those days, interest in
BHs has spread worldwide and their study represents one of the
most innovative fields of fundamental physics and astrophysics.
There has also been an exponential growth of observational and
theoretical developments that are finally reaching the momentous
result of unveiling the process of rotational energy extraction from
a rotating Kerr BH. We indicate the path of this discovery in

C© 2021 The Author(s)
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this paper. This realization has allowed for the identification of
the code of gamma-ray bursts (GRBs): one of the most complex
sequences of a very large number of non-repetitive classical and
quantum events, each of which are characterized by specific spectral
and temporal properties. In parallel, a new arena for fundamental
physics has been revealed by the dubbed ‘blackholic quantum’
(Rueda & Ruffini 2020). This enormous conceptual progress has
not been reached straightforwardly: it has come from an intense
dedicated process with continuous feedback between theoretical
understanding, unprecedented panchromatic observational progress,
and modification of basic interpretation paradigms: they have all
been truly essential. We first summarize in this introduction some of
the contributions which have initiated this most complex inquiry into
the the most powerful energy source in the Universe and identify the
rotational energy of a Kerr BH as their energy source.

1.1 The initial ‘golden age’ of relativistic astrophysics

The first breakthrough in relativistic astrophysics was the discovery
of pulsars in 1967 (Hewish et al. 1968), and the discovery of
a pulsar in the core of the Crab Nebula (Staelin & Reifenstein
1968; Reifenstein, Brundage & Staelin 1969). The identification
of the energy source of the pulsar with a fast rotating newly
born neutron star (NS); the new NS (νNS), coincident with the
supernova (SN) explosion led to a new paradigm in SN understanding
(Shklovskij 1969). As we show in this paper, we are gaining a deeper
understanding of both of SNe and of the role of the νNS in the
binary-driven hypernova (BdHN) systems.

The second breakthrough came from the launch in 1970 of the
first X-ray telescope, observing in the 2–20 keV energy band: the
Uhuru satellite (see e.g. Giacconi & Ruffini 1978; Giacconi 2003).
Uhuru paved the way for a crucial working method in developing a
multiwavelength collaboration with optical and radio observatories.
Thanks to the theoretical understanding, this led to the discovery,
inside our own galaxy, of a large number of binary X-ray sources
composed of a main-sequence star and a companion NS (like
Hercules X-1 and Centaurus X-3) and a binary system composed
of a main-sequence star and a BH, which gave the first evidence for
the discovery of a BH in our Galaxy (see Ruffini 1974; Giacconi &
Ruffini 1978, for details). It was soon realized that these binary
X-ray sources would themselves further evolve as the companion
main-sequence star would undergo an SN explosion on time-scales
of 108 yr (Ruffini 1974). In view of the limited number of such binary
X-ray sources in our Galaxy, the expected observational rate of the
final evolution of such binary systems would be of the order of 10−8

events per yr in our Galaxy. The point that was missed at the time
was the existence of the process of ‘induced gravitational collapse’,
which was identified years later (Ruffini et al. 2001; Rueda & Ruffini
2012). This implies an unprecedented energy emission of ∼1054 erg,
making them observable from all galaxies in the entire Universe: if
the number of galaxies in our past light-cone is taken into account, the
expected observational rate of the final evolution of such binary X-ray
sources in the entire Universe is of the order of 10–100 events per yr.
The third breakthrough was the introduction in 1971 of the BH mass–
energy formula by Christodoulou, Hawking, Ruffini (Christodoulou
1970; Christodoulou & Ruffini 1971; Hawking 1971, 1972), and the
BH extractable energy by reversible and irreversible transformation
(in geometric c = G = 1 units):

M2 = J 2

4M2
irr

+ M2
irr, (1a)

S = 16πM2
irr (1b)

δS = 32πMirrδMirr ≥ 0, (1c)

where J, M, Mirr, and S are the angular momentum, mass,
irreducible mass, and horizon surface area of the BH,
respectively.

Again in this article, we indicate the path to observe for the first
time the BH extractable energy process, which can be as high as 29%
of the BH mass for an extreme Kerr BH. We measure as well the BH
mass and spin in selected BdHN.

Just at the end of this ‘initial golden age of relativistic astro-
physics’, the discovery of GRBs was publicly announced in 1974
February at the annual meeting of the American Association for the
Advancement of Science, in San Francisco (see details in Gursky &
Ruffini 1975). In that meeting, observations by the Vela 5 and Vela 6
satellites were presented. These satellites operated in the 3–12 keV
X-ray energy band and, for the first time, in the 150–750 keV (Vela
5) and 300–1500 keV (Vela 6) gamma-ray energy bands. Tens of
gamma-ray events per year of unknown origin, lasting for a few
seconds, and originating outside the Solar system, were named
‘gamma-ray bursts’ (details in Klebesadel, Strong & Olson 1973;
Strong 1975).

What has became clear only recently, and further clarified in
this article, is that precisely the late catastrophic evolution of
the binary X-ray sources leads to the BdHNe: the progenitors of
a class of long GRBs. Indeed, these highest luminosity energy
sources in the Universe are observed to occur at a rate of 10–100
events per yr, consistent with the order of magnitude estimate given
above.

We proceed to focus on the most recent developments, selecting
crucial observational milestones, theoretical developments, and de-
fine the interpretation paradigms that have recently led to a unified
understanding of the GRBs.

1.2 The largest ever multiwavelength observational efforts

The earliest evidence for high-energy radiation above 100 MeV
from GRBs was the observations by the Energetic Gamma-Ray
Experiment Telescope (EGRET), operating in the energy range ∼
20 MeV–30 GeV, onboard of the Compton Gamma-Ray Observatory
(CGRO, 1991–2000). The detection was triggered by the Burst
And Transient Source Experiment (BATSE), operating in energy
range of ∼20–2000 keV. EGRET has detected five GRBs that, from
our understanding today, were long-duration bursts: GRB 910503,
GRB 910601, GRB 930131, GRB 940217, and GRB 940301 (see e.g.
Kanbach 1996, and references therein). Unfortunately, no redshift
was known at the time.

A new epoch started with the launch of the Beppo-Sax satellite in
1996, joining the expertise of the X-ray and gamma-ray communities.
Its gamma-ray burst monitor (GRBM) operating in the 40–700 keV
energy band determined the trigger of the GRB, and two wide-
field cameras operating in the 2–30 keV X-ray energy band allowed
the localization of the source to within arcminutes resolution. This
enabled a follow-up with the narrow-field instruments (NFI) in the
2–10 keV energy band.

Beppo-SAX achieved three major results:

(i) The discovery of the X-ray afterglow (GRB 970228; Costa
et al. 1997), characterized by an X-ray luminosity decreasing with
a power law with index of αX = −1.48 ± 0.32 (see de Pasquale
et al. 2006, as well as Li et al. 2015, 2018b; Pisani et al. 2016). In
this article, we specifically address the astrophysical origin of the
afterglow.
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(ii) The determination of the accurate positions by the NFI,
transmitted to the optical (van Paradijs et al. 1997) and radio
telescopes (Frail et al. 1997), allowed the determination of the
GRB cosmological redshifts. The first redshift was measured for
GRB 970508 (Metzger et al. 1997), using the LRIS instrument of
the Keck II telescope (Oke et al. 1995). The derived distances of
≈5–10 Gpc confirmed their cosmological origin and their unprece-
dented energetics, ≈1050–1054 erg, thus validating our hypothesis
derived from first principles (Damour & Ruffini 1975; Ruffini
1998).

(iii) The discovery of the temporal and spatial coincidence of GRB
980425 with SN 1998bw (Galama et al. 1998), which suggested the
connection between GRBs and SNe, was soon supported by many
additional events (see e.g. Woosley & Bloom 2006; Della Valle 2011;
Hjorth & Bloom 2012; Li et al. 2012, 2018a). The astrophysical
origin of this coincidence is addressed in this article within the BdHN
approach.

The Neil Gehrels Swift Observatory (hereafter indicated as Swift)
followed in 2004. It was conceived as a panchromatic space ob-
servatory dedicated to the observations of GRBs. The GRB trigger
is detected by the large field of view of its Burst Alert Telescope
(BAT; Barthelmy et al. 2005), operating in the hard X-ray band.
This is followed up by the fast and automatic observations of
the onboard narrow fields instruments XRT (Burrows et al. 2005)
and UVOT (Roming et al. 2005) operating in the soft/medium X-
ray and in the optical/UV bands, respectively. The BAT telescope
operates in the 15–150 keV energy band and can detect the
GRB prompt emission while accurately determining its position
in the sky within 3 arcmin. Within 90 s, Swift can repoint the
XRT telescope, operating in the 0.3–10 keV energy range, and
relay promptly the burst position to the ground. Unfortunately,
this does not allow the establishment of the initial Swift-XRT
detection prior to the Swift-BAT trigger, as later explained in this
article.

Thanks to the Swift satellite, the number of detected GRBs
increased rapidly to 1300 sources with known redshifts (see e.g.
Giommi et al. 2020). By analysing the light curve of some long
GRBs, Nousek et al. (2006) and Zhang et al. (2006) discovered
three power-law segments in the XRT flux light curves prior to the
afterglow emission (see also Li et al. 2015, 2018a). We refer in this
article to these segments as the ‘Nousek–Zhang power laws’. All
the X-ray afterglow observations considered in this article refer to
Swift-XRT observation.

The high-energy astrophysics era of GRB observations started with
the launch of AGILE in 2007 (Tavani et al. 2009) with the onboard
Gamma-Ray Imaging Detector (GRID) operating in the 30 MeV–
50 GeV energy range. AGILE was soon followed by the launch
in 2008 June of the Fermi satellite, having onboard the gamma-
ray burst monitor (GBM) operating in the 8 keV–40 MeV energy
range (Meegan et al. 2009) and the Large Area Telescope (LAT)
operating in the 20 MeV–300 GeV energy range (Atwood et al.
2009).

AGILE-GRID detected the first long GRB with emission above
100 MeV and with a photometric redshift of z = 1.8, GRB 080514B
(Giuliani et al. 2008). It was followed four months later by the
detection of GRB 080916C (Greiner et al. 2009) by Fermi with one
of the largest isotropic energies ever detected, Eiso = (4.07 ± 0.86) ×
1054 erg, and a photometric redshift of z = 4.35. These were followed
by a large number of long GRBs observed by LAT with both
GeV emission and with a well-defined z. All the high-energy long
GRBs considered in this article are based on the first and second

Fermi-LAT GRB catalogues (Ackermann et al. 2013; Ajello et al.
2019).

The leading observations from space observatories were followed
by a multitude of equally essential observations from ground-based
observatories spanning the globe. The leading role was taken by
the largest optical telescopes, e.g. the VLT from ESO with its
X-shooter instrument (Vernet et al. 2011) and radio telescopes.
This vastest ever multiwavelength observational campaign has been
recently further extended to the very-high-energy (VHE) domain
with the GRB detection by observatories on the ground. This is
the case of the observations of GRB 190114C by the Imaging
Atmospheric Cherenkov Telescopes MAGIC (see Fig. 1 and MAGIC
Collaboration 2019a), designed to detect VHE gamma-rays from
30 GeV to more than 50 TeV (see e.g. Aleksić et al. 2016a, b), the
observations of GRB 180720B by H.E.S.S (see Fig. 2 and Abdalla
et al. 2019), operating in the energy range from tens of GeV to tens
of TeV (see e.g. Aharonian et al. 2006), as well as GRB 190829A
(Chand et al. 2020), which we also address in this article.

1.3 The short GRBs with binary NS progenitors

One of the main results of the observations of the CGRO satellite
(Murdin 2000) was the isotropic distribution of the GRBs when
expressed in galactic coordinates (Meegan et al. 1992). This result
gave the first preliminary indication of the cosmological nature of
GRBs. This was later confirmed by irrefutable evidence from the
observations of Beppo-Sax, as mentioned above. An additional result
was the clear indication of the existence of two different classes of
GRBs: the short and the long GRBs (Kouveliotou et al. 1993). This
classification has been confirmed and further extended as we recall
in Section 2, now duly expressing all quantities, after Beppo-Sax, in
the rest frame of the source.

The first proposal of successfully relating a GRB to an astrophys-
ical cosmological source came from the vision of Bohdan Paczynski
and collaborators, who identified the progenitors of short GRBs (S-
GRBs) with merging NS binaries (see e.g. Paczynski 1986; Eichler
et al. 1989; Narayan, Piran & Shemi 1991; Mao & Paczynski 1992;
Narayan et al. 1992; Narayan, Paczynski & Piran 1992). This result
was later confirmed by Beppo-Sax (Li & Paczyński 1998, 2000,
2006; Berger 2014). Complementary information came from the
localization of S-GRBs at large off-sets from their host galaxies and
with no star formation evidence (see e.g. Fox et al. 2005; Gehrels
et al. 2005; Berger 2014). The following fundamental discovery came
from the identification of the first S-GRB in the GeV band by AGILE.
The first observation of an S-GRB was done by AGILE who detected
GRB 090510A at a spectroscopic redshift of z = 0.903, with Eiso =
(3.95 ± 0.21) × 1052 erg, and a significant GeV emission ELAT =
(5.78 ± 0.60) × 1052 erg. On the basis of the observed energetics
of this source, and its spectral properties, we proposed that in this
S-GRB we witness the birth of a BH, which we associate with the
onset of the GeV emission: the signature of this event (Ruffini et al.
2016a).

This identification further evolved with the introduction of the
two subclasses of short bursts (Ruffini et al. 2015b, 2016a, b;
Aimuratov et al. 2017). The first subclass corresponds to short
bursts with isotropic energies Eiso < 1052 erg (in the rest-frame
1–104 keV energy band) and rest-frame spectral peak energies Ep,i

< 2 MeV. These are expected to originate when the NS–NS merger
leads to a single massive NS (M-NS) with a mass below the NS
critical mass. We have called these sources short gamma-ray flashes
(S-GRFs).
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5304 R. Ruffini et al.

Figure 1. Luminosity of BdHN I 190114C: the black data points represent the rest-frame 0.3–10 keV luminosity obtained from Swift-XRT. It follows a decaying
power law with index αX = 1.37 ± 0.05. The red data points show the rest-frame 0.1–20 GeV luminosity observed by Fermi-LAT. It follows a decaying power
law with amplitude (4.6 ± 0.6) × 1052 erg s−1 and index αGeV = 1.19 ± 0.04. The green data points show the rest-frame 0.3–1 TeV luminosity obtained from
MAGIC. Details are given in Sections 4, 5, and 8.

Figure 2. Luminosity of BdHN I 180720B: the black data points represent the rest-frame 0.3–10 keV luminosity obtained from Swift-XRT. It follows a decaying
power law with index αX = 1.43 ± 0.07. The blue data point shows the rest-frame 100–440 GeV luminosity observed by H.E.S.S. The red data points show
the rest-frame 0.1–20 GeV luminosity observed by Fermi-LAT. It follows a decaying power law with amplitude (5.4 ± 0.6) × 1052 erg s−1 and index αGeV =
1.19 ± 0.04. Details are given in Sections 4, 5, and 8.
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Figure 3. The rest-frame 0.1–10 GeV isotropic luminosity of 20 selected BdHNe with LAT emission. The solid red line marks the common power-law behaviour
of the GeV emission for BdHNe with slope αGeV = 1.19 ± 0.04; the shaded grey area encloses all the luminosity light curves of the selected BdHNe. The
dashed black line marks the common power-law behaviour of the GeV emission in S-GRBs with a slope of γ = 1.29 ± 0.06.

The second subclass corresponds to short bursts with Eiso �
1052 erg and Ep,i � 2 MeV. It was assumed that these sources, in
analogy with the prototype GRB 090510, originate from an NS–NS
merger in which the merged core overcomes the NS critical mass
and gravitationally collapses to form a BH. We have called these
sources genuine S-GRBs (see Ruffini et al. 2016a, 2019c); six of
such S-GRBs have been identified, all emitting GeV emission with
a decaying luminosity of index αGeV,short = −1.29 ± 0.06 (Ruffini
et al. 2019c); see Fig. 3 in Section 8.

We show how, by following these pathfinding works on S-GRBs,
we have progressed in formulating the theory of the BdHNe: the
theory of long GRBS based on binary progenitors. Before this,
however, we summarize the traditional long GRB models based upon
a single progenitor.

1.4 Long GRBs in the traditional model

A review of the traditional long GRB model is facilitated by the
extensive book by Bing Zhang and many references therein (Zhang
2018). As recounted there, the papers by Rees & Meszaros (1992),
Mészáros & Rees (1997), and Woosley (1993) have characterized
this traditional model. Rees & Meszaros (1992) proposed a single
BH as the origin of GRBs emitting an ultrarelativistic blast wave,
whose expansion follows the Blandford–McKee self-similar solution
(Blandford & McKee 1976). Woosley (1993) linked the GRB origin
to a Kerr BH emitting an ultrarelativistic jet originating from the
accretion of toroidal material on to the BH. The BH was assumed to
be produced from the direct collapse of a massive star, a ‘failed’ SN
leading to a large BH of approximately 5 M�, possibly as high as 10

M�, a ‘collapsar’. We will address this interesting idea within our
BdHN model in Section 9.

In these ultrarelativistic blast wave models, the afterglow is
explained by the synchrotron/synchrotron self-Compton (SSC) emis-
sion from accelerated electrons when the blast wave of � ∼ 1000 is
slowed down by the circumburst medium (Waxman & Piran 1994;
Sari & Piran 1995; Sari 1997; Wijers, Rees & Meszaros 1997; Sari,
Piran & Narayan 1998).

As pointed out by Zhang (2018), these ultrarelativistic blast
wave models have been applied to explain a vast number of
observations:

(i) The X-ray afterglow as well as the steep and shallow decay in
the ‘Nousek–Zhang’ phase, the X-ray, and the gamma-ray flares.

(ii) The optical and radio emissions.
(iii) The high-energy emission in the GeV band observed in some

long GRBs by Fermi-LAT.

An example of this method is the recent case of GRB 190114C,
in which the traditional approach has been applied:

(i) To jointly explain the emissions in the TeV observed recently
by MAGIC (MAGIC Collaboration 2019a, b; Mirzoyan et al. 2019);
see Fig. 1.

(ii) To explain the emission in the MeV and GeV bands observed
by the Fermi GBM and LAT satellites in the jetted emission.

(iii) To explain the emission in the MeV and keV bands observed
by Swift including the emission in the optical and radio emissions.

In the traditional model, all of these emissions occur jointly using
the kinetic energy of an ultrarelativistic blast wave with Lorentz
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Table 1. Alphabetic ordered list of the acronyms used in this work.

Extended wording Acronym

Binary-driven hypernova BdHN
Black hole BH
Carbon–oxygen star CO-star
Fallback-powered kilonova FB-KN
Gamma-ray burst GRB
Gamma-ray flash GRF
Gamma-ray flash kilonovae GR-K
Massive neutron star M-NS
Neutron star NS
New neutron star νNS
Short gamma-ray burst S-GRB
Short gamma-ray flash S-GRF
Supernova SN
Supernova rise SN-rise
Ultrashort gamma-ray burst U-GRB
White dwarf WD
X-ray flash XRF

factor Gamma ∼103, emitting at distances of ∼1016–1018 cm,
implying total energies reaching 1055 erg.

This approach, however, encounters some contradictions with
model-independent constraints. Moreover, there is no requirement
that these different emission processes be explained by a single
origin, i.e. the kinetic energy of a blast wave. As we are going to
show in this article, each one of the above mentioned emissions finds
its reason for existence in different specific processes originating in
different specific episodes during the BdHN evolution. Each episode
implies a different process and less demanding energy requirements.

1.5 The role of binary systems as progenitors of long GRBs

The role of binary systems as progenitors of long GRBs in our
approach involves three assumptions:

(i) That all long GRBs, not only the S-GRBs, originate from binary
systems. These binaries are composed of different combinations of
COcore, NS, white dwarfs (WDs), BH, and νNS; see Table 1. We
classify all GRBs in nine different subclasses on the basis of their
energetics, their spectra, and their duration expressed in the rest frame
of the source. Only in some of these subclasses the presence of a BH
occurs (see e.g. Ruffini et al. 2016b, 2018c; Wang et al. 2019); see
in detail in Section 2.

(ii) We focus on BdHNe with a binary progenitor composed of a
CO-star and a companion binary NS. As the COcore gravitationally
collapses, it gives origin to an SN and its iron core collapses to
form a νNS. The hypercritical accretion of the SN ejecta on the
companion NS leads, for binary periods �5 min, to the formation
of a BH. This happens when the NS critical mass is reached and
overcome (Becerra et al. 2016). We denote these systems as BdHNe
I in which a BH is formed. The BdHNe I are characterized by an
isotropic energy, estimated by the Fermi-GBM, in the range 1052 <

Eiso < 1054 erg. In the opposite case, i.e. for longer binary periods, a
more M-NS originates from the SN hypercritical accretion process
(Wang et al. 2019). These BdHNe II are characterized by 1050 < Eiso

< 1052 erg (Ruffini et al. 2016b). The BdHNe III are characterized
by binaries with even longer periods, so with more widely separated
components, leading to an even weaker energy emission with 1048

< Eiso < 1050 erg.
(iii) We make use of recent theoretical results in the study of the

hypercritical accretion of the SN ejecta both on the companion NS

and the νNS (see e.g. Becerra et al. 2016, 2019; Ruffini et al. 2016b,
2018a; Rueda et al. 2020). We rely on the three-dimensional (3D)
simulations performed with a new smoothed particle hydrodynamics
(SPH) code developed in collaboration with Los Alamos National
laboratory (see e.g. Becerra et al. 2019, and reference therein). We
here give special attention to this procedure in order to reconstruct
the morphology of the BdHNe, which has a strong dependence on the
viewing angle as a result of the binary nature of the progenitor. We
use the observations of the GeV emission observed by Fermi-LAT
present only in some BdHN to infer their morphology and visualize
its nature by SPH simulations (see Sections 6 and 7 and Fig. 4).

1.6 The role of the binary progenitor in the SN associated with
long GRBs

Contrary to the case of S-GRBs, the necessity of a binary progenitor
in long GRBs did not arise from the very beginning, and possibly
the most important observational piece of evidence of this need can
be identified in the temporal and spatial coincidence of GRB 980425
(Pian et al. 2000) and SN 1998bw (Galama et al. 1998), and the
subsequent systematic spectroscopic analysis of additional GRB-SN
associations (see Cano et al. 2017, for a review).

There are two key observational aspects of the SNe associated with
GRBs pointing to a relevant role of binary interactions: (1) they are of
type Ic, namely both hydrogen and helium lack in their spectra, and
(2) the spectral lines are broad-lined implying their ejecta expand at
very high expansion velocities of the order of 104 km s−1, implying
kinetic energies of up to 1052 erg, the reason for which they have
been dubbed HN (Cano et al. 2017).

The first feature, namely that these SNe are of type IC implies that
they possibly originate from helium stars, COcore, or Wolf–Raye stars
that have rid of their outermost layers (see e.g. Smith et al. 2011).
Indeed, it has been recognized that a binary companion would most
efficiently help in stripping off the pre-SN star outermost layers by
tidal effects, multiple mass-transfer, and common-envelope episodes
(see e.g. Nomoto & Hashimoto 1988; Iwamoto et al. 1994; Fryer
et al. 2007; Yoon, Woosley & Langer 2010; Smith et al. 2011).

The second feature, namely the observed high-expansion veloc-
ities of the SN ejecta, is more delicate and less straightforward to
account for in theoretical models. In the BdHN model, numerical
simulations in Ruffini et al. (2018a) have shown that the explosion
of the GRB within the SN might transfer to it sufficient energy and
momentum to convert an initial ordinary SN into an HN. Therefore,
broad-lined SNe or HNe in the BdHN model does not necessarily
need to be born as such, instead they can be the outcome of the
GRB feedback into the SN (see also Becerra et al. 2019). Evidence
of such a transition from an SN into an HN in a BdHN has been
observationally identified in GRB 151027A (see Ruffini et al. 2018c,
for details).

In addition, binary interactions may enforce corotation of the pre-
SN star (i.e. the COcore) thereby spinning it up to high rotation rates.
For BdHN I, this implies a rotation period of the COcore of the
order of minutes, so a rotational energy ∼1050 erg (Wang et al.
2019). Of course, this cannot explain directly an observed kinetic
energy of 1052 erg. The core collapse of the iron core of this rotating
COcore, by angular momentum conservation, implies the birth of a
millisecond period νNS, which may well power the SN by injecting
into it energies of the order of 1052 erg (see Wang et al. 2019;
Rueda et al. 2020, for more details). It may also happen that binary
interactions spin-up the COcore beyond corotation bringing it to even
to higher rotation rates ∼1 rad s−1 (see e.g. Nakamura et al. 2014;
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Figure 4. An SPH simulation from Becerra et al. (2019) of the exploding CO-star as the SN in the presence of a companion NS: Model ‘25m1p08E’ (see
table 2 therein). The CO-star is obtained from the evolution of a 25 M� zero-age main-sequence (ZAMS) progenitor that leads to a pre-SN CO-star mass MCO =
6.85 M�. The initial mass of the νNS (formed at the centre of the SN) is 1.85 M� and the one of the NS companion is MNS = 2 M�. The initial orbital period is
4.8 min. The upper panels show the mass density on the binary equatorial plane and the lower ones correspond to the plane orthogonal to it, at two selected times
from the SN explosion (t = 0 of the simulation), 159 and 259 s. The reference system is rotated and translated so that the x-axis is along the line that joins the
νNS and the NS, and the axis origin (0, 0) is located at the NS position. For this simulation, the NS collapses reaching the secular axisymmetric instability point
with a mass 2.26 M� and angular momentum 1.24GM2�/c, while the νNS is stable with mass and angular momentum, respectively, 2.04 M� and 1.24GM2�/c.
Up to the final simulation time, the binary system kept bound although the binary orbit widens, reaching an orbital period of 16.5 min and an eccentricity of ε =
0.6. The collapse of the NS to the newly formed BH, characteristic of a BdHN I, occurs at t = 21.6 min.
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Gilkis 2018; Fujisawa et al. 2019), which would imply a much larger
rotational energy of a few 1052 erg, ready to be used in the SN event.

There is increasing observational evidence on the high energetics
of up to 1052 erg and the complex nature of the SN from the X- and
gamma-ray precursors to the prompt radiation in long GRBs (see
e.g. Wang et al. 2019). In order to account for such a complexity, we
have dubbed these early phases of the BdHN as ‘SN-rise’ (Li et al.
2019). The SN-rise triggers the entire BdHN, so it includes the SN
explosion as well as the feedback of the hypercritical accretion on to
the νNS and on to the binary companion NS. We dedicate Section 3
to their analysis giving examples in the case of BdHN I and II.

We can conclude that the binary progenitor of the BdHN model
provides a natural explanation of the observational features of the SN
associated with long GRBs. Having said this, it is now appropriate
to discuss the formation of the COcore–NS binary progenitors of the
BdHN from the stellar evolution viewpoint.

It is well known from the stellar evolution theory and observations
that massive binaries might evolve to form binaries composed of
compact objects, e.g. WD–WD, NS–WD, NS–NS and NS–BH.
Leaving aside specific technical details, traditional evolutionary
paths lead the compact remnant of the more massive star, after
undergoing SN, to common-envelope phase with the companion, and
after the collapse of the companion star leading to the second SN,
the system forms a compact-object binary provided it keeps bound
(Fryer, Woosley & Hartmann 1999; Dominik et al. 2012; Postnov &
Yungelson 2014). It is very interesting that alternative evolutionary
scenarios have been recently proposed in the X-ray binary and SN
community leading to the so-called ultrastripped binaries used to
explain NS–NS and low-luminosity SNe (see e.g. Tauris et al. 2013;
Tauris, Langer & Podsiadlowski 2015, for details). The binary in
these cases, after first SN, experiences multiple mass-transfer phases
leading to the expulsion of the hydrogen and helium shells of the
secondary. As proposed in Becerra et al. (2015) and Fryer et al.
(2015), these evolutionary scenarios are a plausible path to form
COcore–NS binary progenitors of BdHN.

From the above descends the question of whether such a population
of binaries might or not include the progenitors of the BdHN. The
orbital periods of the binary at the end of the evolution in these
population synthesis codes are 50–5000 h (Tauris et al. 2013). They
have been used as a main channel to form NS–NS, but the formation
of NS–BH binaries, which are the final outcome left by BdHN I, have
not been up to now considered in population synthesis numerical
codes. One of the main reasons for this is that the physical processes
involved in a BdHN I, occurring when shorter orbital periods of the
order of minutes are allowed, lead to BH formation and they have
not accounted for yet in these numerical codes. This is certainly a
major research that deserves to be pursued in the near future.

We refer to Fryer et al. (2015) for additional details on the fol-
lowing estimation of the BdHN progenitor population. Ultrastripped
binaries are expected to be 0.1–1 per cent of the total SN (Tauris
et al. 2013), which is estimated to be 2 × 104 Gpc−3 yr−1 (see e.g.
Guetta & Della Valle 2007). The population densities of BdHN II/III
and BdHN I have been estimated to be ∼100 and ∼1 Gpc−3 yr−1,
respectively (Ruffini et al. 2016b). The above numbers imply, for
instance, that BdHN I would comprise of only the 0.5 per cent of
the ultrastripped binaries. These estimates confirm, in passing, the
rareness of the GRB phenomenon.

Since 2018, our research on BdHN has acquired a different status
by promoting technical progress in the visualization and in the data
analysis, as well as in the introduction of new theoretical paradigms
and identification of new astrophysical regimes that we further extend
in this article. We start with a specific example of BdHN simulation.

1.7 A specific BdHN I SPH simulation

In Fig. 4, we show the results of a specific SPH simulation of a BdHN
I from Becerra et al. (2019). It represents the implosion of a COcore

of 6.85 M� giving origin to the explosion of an SN in presence of
a binary companion NS of MNS = 2 M�. An additional NS of 1.85
M� originates from the collapse of the Fe-core within the COcore (the
green dot at the centre of the SN in the two left figures). We indicate
as νNS this newborn neutron star, in order to differentiate it from
the binary companion NS. The two upper panels correspond to the
mass density in the binary equatorial plane of the binary progenitor,
which we label for short as ‘seen in the orbital plane’. The lower
panels correspond to viewing in a plane orthogonal to the equatorial
plane of the binary progenitor, indicated for short as ‘seen from
the top’. This figure well summarizes the central role of the SN in
triggering the BDHN1 phenomenon: by first creating the νNS and the
accreting SN ejecta both on the νNS and the binary NS companion.
The sequence of the accretion process is followed in these Figs 159 s
and 259 s. Following the hypercritical accretion process, the νNS
reaches a mass and angular momentum, 2.04 M� and 1.24GM2

�/c,
respectively. Up to the final simulation time. Similarly, the binary NS
companion collapses reaching the secular axisymmetric instability
point with a mass of 2.26 M� and angular momentum 1.24GM2

�/c

at t = 21.6 min. In this model, the initial binary period of the circular
orbit is 4.8 min. The binary orbit then widens, reaching an orbital
period of 16.5 min and an eccentricity of ε = 0.6. We are going to
give specific examples in selected GRBs of this process in Section 10
with the determination of the mass and spin of the newborn BH. This
figure is also essential in emphasizing the implications of the different
viewing angles implied by the binary nature of the progenitors, which
have been also neglected in the traditional approach.

We further exemplify, in the next two sections, the large amount of
results inferred on the BdHN nature utilizing the two above viewing
angles.

1.8 The upper limits on the Lorentz � factor and nature of the
afterglow

The observations of BdHN I ‘seen in the orbital plane’ have been
addressed in a series of articles based essentially on the X-ray
observations made with the XRT detector in Swift (see e.g. Ruffini
et al. 2018a, and references therein). They have been essential in
identifying model-independent upper limits on the Lorenz � factors
of the emission regions during the gamma-ray flare, the X-ray flares
phase, the flare-plateau, and the early afterglow phases (the Nousek–
Zhang phase), following the initial ultrarelativistic prompt radiation
phase.

The traditional approach had shown that gamma-ray spikes in the
prompt emission occur at ∼1015–1017 cm with Lorentz gamma factor
� ∼ 102–103 (e.g. Li 2020). Using a novel data analysis, we have
shown that the time of occurrence, duration, luminosity, and total
energy of the X-ray flares correlate with Eiso. A crucial feature has
been identified in the observation of thermal emission in the X-ray
flares that we have shown occurs at radii ∼1012 cm with � � 4. The
upper limit of Lorentz factor, � � 2, has been there established in the
analysis of the X-ray flares. Equally, an upper limit � � 3 has been
set in the transition from a SN to an HN in GRB 151027A (Ruffini
et al. 2018c). Finally, the limit � � 2 has been established in the
thermal emission in the early part of the afterglow phase of GRB
130427A (Ruffini et al. 2018b).

The enormous kinetic energy of an ultrarelativistic blast wave
needed in the traditional approach to explain the energy source of
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the afterglow has been therefore superseded: the above mentioned
stringent upper limits on the � factors exclude any ultrarelativistic
motion.

The origin of the afterglow of long GRBs and these mildly rela-
tivistic processes have been successfully identified in the synchrotron
emission produced by relativistic electrons in the SN ejecta, powered
by the hypercritical accretion of the SN into the spinning νNS of
1.5 M� and its pulsar-like emission (Ruffini et al. 2018b; Wang et al.
2019; Rueda et al. 2020). From the amplitude of their decaying X-ray
luminosities observed by Swift-XRT (Pisani et al. 2016), the spin of
the νNS and the strength and structure of its magnetic field in specific
BdHN I and II have recently been obtained (Rueda et al. 2020).

It is important that the synchrotron process occurring in the
interaction of the SN ejecta with the νNS requires a much smaller
energy to explain the nature of the afterglow in our present approach
based on the hypercritical accretion from the SN on to the νNS
(Wang et al. 2019; Rueda et al. 2020) than the ones purported in the
ultrarelativistic blast waves.

1.9 The ‘inner engine’ of BdHN I

The observations of the BdHN I ‘seen from the top’ are the main topic
of this article. They lead to an identification of the morphology of
BdHN I, to the origin of the MeV, GeV, and TeV emissions observed
by the GBM and LAT instruments onboard the Fermi satellite,
the MAGIC and the H.E.S.S telescopes, as well as a contribution
to ultrahigh-energy cosmic rays (UHECRs) from GRBs (see e.g.
Rueda & Ruffini 2020). Particularly important has been the recent
identification of the physical process occurring in the ‘inner engine’
originating from the GeV emission as ‘seen from the top’ in GRB
130427A, also confirmed in three additional BdHN I GRB 160509A,
GRB 160625B, and GRB 190114C (Li et al. 2019; Ruffini et al.
2019c).

In these works:

(i) We have proposed that the inner engine of a BdHN I is
composed of a Kerr BH in a non-stationary state, embedded in a
uniform magnetic field B0 aligned with the BH rotation axis, as
modelled by the Papapetrou–Wald solution of the Einstein–Maxwell
equations (Papapetrou 1966; Wald 1974), and surrounded by an
extremely low density ionized plasma of 10−14 g cm−3. Using GRB
130427A as a prototype, we have shown that this inner engine acts
in a sequence of elementary impulses emitting ‘blackholic quanta’
(Rueda & Ruffini 2020). The repetition time of the emission of
each ‘blackholic quantum’ of energy E ∼ 1037 erg is ∼10−14 s at
the beginning of the process. Then, it slowly increases with the
time evolution. Electrons are accelerated to ultrarelativistic energy
near the BH horizon and propagate along the polar axis, θ = 0.
They can reach energies of ∼1018 eV, and partially contribute to
UHECRs. When propagating along θ �= 0 through the magnetic
field B0 they give rise to the synchrotron emission of GeV and
TeV photons. The inner engine operates within a ‘cavity’ formed
during the hypercritical accretion of the SN ejecta on to the NS
binary companion, and during the BH formation (Ruffini, Melon
Fuksman & Vereshchagin 2019b). This result is the first step towards
identifying the BdHN I morphology, presented in this article.

(ii) It has been shown that the multiwavelength emissions corre-
sponding to the above acceleration process leading to synchrotron
radiation occur in a jet with a half-opening angle of 60◦ from the
normal to the binary plane. The jetted emission occurs in selected
energy bands in the MeV, GeV, TeV, and UHECR.

(iii) This result has been applied to GRB 130427A, and we here
show that it applies generally to all BdHN I as a consequence of the
novel morphology identified in this article.

(iv) We have evaluated the total GeV emission in GRB 130427A
and identified its decaying luminosity in the GeV range with a power-
law index of αGeV = −1.19 ± 0.04, using the first and the second
Fermi-GRB catalogues (Ackermann et al. 2013; Ajello et al. 2019).
In this article, we generalize this result to all BdHN I emitting GeV
radiation.

1.10 On the measure of the BH mass and spin in BdHN I

For the first time, in Ruffini et al. (2019c) it was shown how to
extract the rotational energy of a Kerr BH in an astrophysical system,
using GRB 130427A as a prototype. This was made possible making
use of the the mass–energy formula of the Kerr BH (Christodoulou
1970; Christodoulou & Ruffini 1971; Hawking 1971, 1972), given
in equation (1a). There, it was shown how through the ‘inner engine’
activity the energetics of the GeV emission could originate near the
BH horizon and be explained using the extractable energy of the BH,
keeping constant the BH irreducible mass. In turn, this has led to the
first measure of the initial mass and spin of the BH at its moment
of formation: M = 2.3 M�, its spin, α = a/M = 0.47. This article is
dedicated to extend this classic result to all BdHN I, where sufficient
GeV emission data are available. This same procedure will be soon
extended to active galactic nuclei with BH masses up to 1010 M�.

1.11 Structure of the article

We first give in Section 2 an outline of the nine GRB subclasses
presented in Ruffini et al. (2016b), with a brief summary of their
initial states (in-state), their final state (out-state), their energetics,
and spectral properties in the gamma-rays both in the MeV and in
the GeV emissions. We also recall the binary mergers that include
the NS–NS binaries leading to the two classes of S-GRBs.

In Section 3, we summarize the previous results (Li et al. 2019) on
the analysis of the SN-rise of BdHNe I and II obtained from Fermi-
GBM, and present their relation with the X-ray afterglow observed
by Swift-XRT.

In Section 4, following our previous works (Ruffini et al. 2018b;
Wang et al. 2019; Rueda et al. 2020), we study properties of the
X-ray afterglow of BdHNe and we determine the spin of the νNS in
two BdHNe I, two BdHNe II, and one BdHN III system.

In Section 5, we analyse the properties of the GeV emission in
BdHNe I updated following the second GRB catalogue presented
by Fermi-LAT, which covers the first 10 yr of its operations, from
2008 August 4 to 2018 August 4 (Ajello et al. 2019). We address
the 378 BdHNe I with known cosmological redshift; see the list of
BdHNe I in Pisani et al. (2016), Ruffini et al. (2018a), and also the
updated list in Appendix A. We then consider only the 54 BdHN
I with the boresight angle of Fermi-LAT smaller than 75◦ at the
trigger time. We give the details of the 25 BdHNe I with observed
GeV radiation, out of the 54. For each of them, we list in Table 5
the cosmological redshift, the Ep,i of the spectrum, the Eγ ,iso of the
source, the Fermi GCN, the boresight angle, the ELAT, the likelihood
test statistic (TS), and some additional distinguishing properties. In
Table 6 for the 29 BdHNe I, we then give the cosmological redshift,
the Ep,i of the spectrum, the Eγ ,iso of the source, the Fermi GCN, the
boresight angle, and some distinguishing properties of the associated
X-ray emissions.

In Section 6, we explain the nature of the these BdHNe in terms of a
novel morphology of the binary system. The BdHN I have a conical
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structure normal to the equatorial plane of the binary progenitor.
When the observations are made with a viewing angle lying in the
orbital plane of the binary progenitor then the GeV emission is not
observable. In this case, only the gamma-ray flare, the X-ray flares,
and the X-ray plateau remain observable. From the ratio NLAT/Ntot =
25/54, we infer the presence in the BdHN I of a conical structure
of approximately 60◦ around the normal to the plane of the binary
progenitors. Within this cone all emissions are observable, namely
the X-ray, the gamma-ray, the GeV and TEV emission, and UHECRs.
For larger inclination angle as confirmed theoretically in Ruffini et al.
(2018c, 2019c), the GeV radiation is not observable and only flaring
activities are observed following the prompt radiation phase.

In Section 7, we show that this novel geometry is indeed present
in the recent 3D SPH numerical simulations at the moment of BH
formation in a BdHN (Becerra et al. 2019).

In Section 8, for each of the 25 BdHNe I, we provide the
0.1–10 GeV luminosity light curves as a function of the time in
the rest frame of the source. We obtain a power-law fit Ln =
Ant−1.19 ± 0.04 erg s−1 and report the amplitude An and the luminosity
at 10 s from the beginning of the prompt radiation, L10s, with their
associated uncertainties. We also provide a correlation between L10s

and Eγ ,iso.
In Section 9, we determine the values of the mass and spin of the

BH and the strength of the magnetic field surrounding the BH in the
‘inner engine’ of the selected BdHNe I. We also show the process
of hypercritical accretion of the SN on a companion NS gives in all
cases origin to the newborn BH.

In Section 10, we confirm (1) the central role of the SN in giving
rise to its hypercritical accretion on the νNS and the newly born
BH, to the afterglow observed by SWIFT and to the high-energy
GeV and TeV emission observed by Fermi-LAT, (2) that the MeV–
GeV energetic range is explainable by extractable rotational energy
of a Kerr BH operating n the ‘inner engine’ and this result allows
the determination of the initial mass and spin of the BH, and (3)
the power-law evolution of the 0.1–100 GeV luminosity after the
prompt phase arises from the slowing down rate of the BH spin,
keeping constant the irreducible mass Mirr of the BH.

We finally proceed to the general conclusions in Section 11. Before
proceeding, we indicate in Table 1 the alphabetic ordered list of
acronyms used in this work.

2 SUBCLASSES O F G R B S AND DEF INI T I ONS
O F B D H N

We address the specific role of the X-ray emission observed by the
Swift satellite as well as the MeV–GeV radiation observed by the
Fermi satellite in order to further characterize the nine subclasses of
GRBs presented in Ruffini et al. (2016b) and updated in Ruffini et al.
(2018a), Wang et al. (2019), and here further updated in Section 4 and
Appendix A. In Table 2, we summarize for each GRB subclass their
name, the number of observed sources with cosmological redshift,
and their progenitors characterizing their ‘in-state’.

In all cases, the GRB progenitors are binary systems composed
of various combinations of COcore, of NSs, of WDs, and of BHs.
The ‘out-state’ of the corresponding mergers or accretion processes
have been represented in fig. 7 in Ruffini et al. (2016b) where we
also presented the interesting possibility that ‘out-states’ of the GRB
subclasses can become the ‘in-states’ of new GRB subclasses. In
particular, we indicate an example in which the ‘out-state’ of a BdHN
I can become the ‘in-state’ of an S-GRB.

In this article, we focus only on long GRBs with BdHN progenitors
(Ruffini et al. 2016b): binary systems composed of a COcore,

exploding as SN Ic, and an NS binary companion. The presence of
such an NS binary companion in close orbit can explain the removing
of the outer layers of hydrogen and helium of the massive star leading
to the COcore (see e.g. Ruffini et al. 2001; Rueda & Ruffini 2012;
Fryer, Rueda & Ruffini 2014).

As noted in the introduction, when the COcore gravitationally
collapses, it gives origin to an SN and its Fe core collapses to form a
νNS. The entire dynamics and evolution of the BdHN is essentially
based on these three different components and their interplay:
the SN explosion (SN-rise), the νNS undergoing an overcritical
accretion process of the SN ejecta, and the binary companion NS
also undergoes an overcritical accretion process of the SN ejecta that
monotonically increases the binary NS companion mass. In compact
binary systems, this accretion causes the NS to reach its critical mass
leading to the formation of a newborn BH (Becerra et al. 2015, 2016);
see also Fig. 4.

We first address the SN hypercritical accretion on to the binary NS
companion: the outcome is a strong function of the compactness of
the binary system and its binary orbital period.

When the orbital period is as short as 5 min, the hypercritical
accretion proceeds at higher rates and the companion NS reaches its
critical mass leading to:

(i) the formation of a BH and consequently a formation of a new
binary system composed of a BH and a νNS (Fryer et al. 2014);

(ii) the emission of a very energetic GRB in the range of 1052 �
Eiso � 1054 erg and, peak energy in the range of 0.2 MeV < Ep,i <

2 MeV lasting a few seconds known as the ultrarelativistic prompt
emission phase (UPE);

(iii) the onset of the prolonged power-law GeV emission, triggered
by the formation of the newborn BH, with a luminosity described in
the rest frame of the source

LGeV = AGeV

(
t

1 s

)−αGeV

, (2)

with αGeV = 1.19 ± 0.04. One of the main results in this paper is to
show that this radiation is present only in a subset of BdHN and the
explanation of this result will lead to the determination of the conical
BdHN morphology, see Section 8.

These systems have been indicated as BdHN I (Becerra et al. 2015,
2016; Ruffini et al. 2015b, 2016b, 2019c; Wang et al. 2019).

The first list of the BdHNe I was composed of 161 sources
spanning 12 yr of Swift/XRT observation activity till 2015 presented
in Pisani et al. (2016) which was further extended to 173 sources
in Ruffini et al. (2018a) up through the end of 2016 which led to a
total of 345 BdHNe I within 1997–2016 observed by other satellites
like Fermi and Konus-WIND in addition to Swift. This list is further
extended here to 378 BdHN I till 2018 December (see Appendix A
and Table 2).

When the orbital period of the binary system is �5 min, the
hypercritical accretion is not sufficient to trigger the collapse of
the NS companion into a BH: therefore, no GeV emission can be
produced nor be observed. Therefore, an M-NS is formed. In these
systems, the observed peak energy is in the range 4 keV < Ep,i <

300 keV and the isotropic energy is the range of 1048 � Eiso �
1052 erg, as observed by the Fermi-GBM. They have been indicated
as X-ray flashes (XRF) in contrast with the more energetic BdHN I
(Becerra et al. 2015, 2016; Ruffini et al. 2015b, 2016b). We here use
for the XRFs the name BdHN II, according to Wang et al. (2019). A
canonical example has been given in Wang et al. (2019); see Table 2.

BdHNe III have the same composition as BdHNe II, but the
binary is further detached. No BH is formed and no GeV radiation
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Table 2. Summary of the GRB subclasses. In addition to the subclass name, we report the number of GRBs for each subclass.
We recall as well the ‘in-state’ representing the progenitors and the ‘out-state’ and the Ep,i and Eγ ,iso for each subclass. The
GeV emission is indicated in the last column: for long GRBs it appears only in BdHN I and BdHN IV (BH-SN) while, for
short bursts, it appears only for S-GRBs. In all sources with GeV emission, it is � 1052 erg.

Class Type Number In-state Out-state Ep, i Eγ , iso Eiso, Gev

(MeV) (erg) (erg)

Binary driven I 378 CO star–NS νNS–BH ∼0.2–2 ∼1052–1054 � 1052

hypernova II (49) CO star–NS νNS–NS ∼0.01–0.2 ∼1050–1052 −
(BdHN) III (19) CO star–NS νNS–NS ∼0.01 ∼1048–1050 −

IV 0 CO star–NS BH – >1054 � 1053

I 18 NS–NS MNS ∼0.2–2 ∼1049–1052 −
Binary II 6 NS–NS BH ∼2–8 ∼1052–1053 � 1052

merger III (1) NS–WD MNS ∼0.2–2 ∼1049–1052 −
(BM) IV (1) WD–WD NS/MWD <0.2 <1051 −

V (0) NS–BH Direct BH � 2 >1052 −

is produced nor observed. This subclass is characterized by binary
systems widely separated and weaker energy emission with Eiso in
the range of 1048–1050 erg.

As we will see in Section 10, the most energetic BdHN I originate
from extremely tight binary systems with the companion NS grazing
the radius of the COcore. It is therefore conceivable that in some
systems the NS companion merges with the COcore just prior to the
SN explosion leading to the possible direct formation of a BH, a
concept envisaged by Woosley (1993) in the failed SN scenario. We
have left such a possibility opened in an additional BdHN IV family;
see Table 2.

The hypercritical accretion of the SN ejecta on to the νNS leads
to the pulsar-like emission that gives rise to the X-ray afterglow
emission observed by Swift (Rueda et al. 2020). This is a property
intrinsic to the nature of the model and shared by all BdHN
subclasses. It is therefore natural to expect, as has been verified,
that the luminosity of the X-ray afterglows of all long GRBs, in all
BdHN subclasses, follow a common decaying power law of

LX = AX

(
t

1 s

)−αX

, (3)

with αX = 1.48 ± 0.32, including the SN-rise, when averaged over
all BdHN I up to 106 s (Pisani et al. 2016). The different amplitudes,
AX, and power-law indices, αX, of the X-ray afterglow luminosity
can be used to determine the spin and magnetic field of the νNS
(Wang et al. 2019; Rueda et al. 2020).

Before leaving this topic, we mention a few cases of X-ray
afterglows in BdHN II and BdHN III. Each BdHN II and BdHN
III must be also characterized by an X-ray afterglow originating
from the accretion of the SN ejecta into the νNS. Their power-law
index αX coincides with the one of BdHN I, although the difference
in the total angular momentum of the binary progenitors and its
conservation leads necessarily to a smaller value of the amplitude AX

in equation (3), to a corresponding lower value of the νNS spin, and
to a smaller value of the SN-rise; see Fig. 5.

In the rest of this article, we mainly examine the properties of
BdHN I with special attention to:

(i) their SN-rise emission;
(ii) the power-law decay of the X-ray emission of the afterglow

observed by Swift, measured in the cosmological rest frame of the
source;

(iii) the corresponding GeV emission observed by Fermi-LAT,
centring on the identification of the BdHN morphology to explain
the absence of this emission in a subclass of BdHN I.

3 TH E SN -R ISE IN BD H N I A N D BD H N II :
FERMI O BSERVATION

The trigger of all BdHNe is represented by the gravitational collapse
of the COcore that gives origin to an SN and its Fe-core collapses
to form a νNS. We have indicated the first appearance of the SN as
the SN-rise. In BdHN I, the SN-rise is characterized by the presence
of the thermal component in the Fermi-GBM data with isotropic
energy of ∼ 1052 erg (see Fryer et al. 2014; Li et al. 2019; Ruffini
et al. 2019a). In BdHN II, the SN-rise is weaker and has no thermal
component in the Fermi-GBM data with energy of ∼ 1050 erg (see
Li et al. 2019; Ruffini et al. 2019a; Wang et al. 2019; Fig. 6 and
Table 3). In this article, we just recall the observation of the SN-rise
in four BdHNe I: GRB 130427A, GRB 160509A, GRB 180720B,
and GRB 190114C, as well as in two BdHNe II: GRB 180728A and
GRB 190829A. In Fig. 6, we show the spectra of the SN-rise in the
aforementioned sources and in Fig. 7 we show their corresponding
luminosity.

4 TH E A F T E R G L OW S O F BD H N I , BD H N I I ,
AND BDHN I I I : THE SWI FT OBSERVATIO NS

Following the COcore gravitational collapse and the appearance of the
SN-rise, which characterizes all BdHN subclasses, the hypercritical
accretion of the SN ejecta on to the νNS and the magnetic field of the
νNS leads to the pulsar-like emission powering the X-ray afterglow
observed by the Swift satellite (Rueda et al. 2020).

We present four afterglows of BdHN I (Fig. 7), two afterglows of
BdHNe II, and one afterglow of BdHNe III (Fig. 5). In each case,
we also reproduce the SN-rise presented in the previous section (see
Figs 5 and 7).

The BdHN I in GRB 130427A, GRB 190114C, GRB 180720B,
and GRB 160509A follow a decaying luminosity consistent with
equation (3) (see Fig. 7):

(i) GRB 130427A with amplitude (3.65 ± 0.63) × 1052 erg s−1

and power-law index αX = 1.24 ± 0.02.
(ii) GRB 160509A with amplitude (22.68 ± 24.00) × 1052 erg s−1

and power-law index αX = 1.22 ± 0.09.
(iii) GRB 180720B with amplitude (112.67 ± 93.89) ×

1052 erg s−1 and power-law index αX = 1.43 ± 0.07.
(iv) GRB 190114C with amplitude (5.14 ± 2.03) × 1052 erg s−1

and power-law index αX = 1.37 ± 0.05.

The BdHNe II in GRB 180728A and GRB 190829A follow a
decaying luminosity consistent with equation (3) (see Wang et al.
2019; Figs 5a and b):
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Figure 5. The X-ray afterglow luminosity observed by Swift-XRT that follow a decaying power law: (a) GRB 180728A (BdHN II) with amplitude (2.19 ± 0.13) ×
1050 erg s−1 and power-law index αX = 1.15 ± 0.05. (b) GRB 190829A (BdHN II) with amplitude (5.20 ± 0.89) × 1049 erg s−1 and power-law index αX =
1.1 ± 0.1. (c) GRB 060218 (BdHN III) with amplitude (2.19 ± 0.53) × 1047 erg s−1 and power-law index αX = 1.17 ± 0.02. The fallback material of the SN
on the νNS produce this X-ray afterglow emission (Rueda et al. 2020). In Section 4.1, we report the result of the simultaneous fit of the X-ray afterglow of all
types of BdHN in order to find the universal power-law index. As shown in Ruffini et al. (2018a, c), until ∼104 s the gamma/X-ray afterglow is mainly produced
by the SN kinetic energy (SN dominated region) and its interaction with the magnetic field of the νNS. After 104 s, as shown by Ruffini et al. (2018b), the role
of νNS becomes prominent (pulsar dominated region).

(i) GRB 180728A with amplitude (2.19 ± 0.13) × 1050 erg s−1

and power-law index αX = 1.15 ± 0.05.
(ii) GRB 190829A with amplitude (5.20 ± 0.89) × 1049 erg s−1

and power-law index αX = 1.1 ± 0.1.

As an example of the X-ray afterglow luminosity of a BdHN III, we
indicate the case of GRB 060218 where the X-ray luminosity, as in
the case of BdHNe I and II, follows a decaying power-law consistent
with equation (3), with an amplitude (2.19 ± 0.53) × 1047 erg s−1
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Figure 6. The spectrum of the SN-rise of GRB 160509A as observed by Fermi-GBM in the energy range of 8–900 keV. Upper left: SN-rise spectrum of
BdHN I 130427A, well fitted by a CPL + BB model, from 0 to 0.65s (trf 	 0.49s); the spectral index α is −0.58, cut-off energy Ec is 547.59 keV, and the BB
temperature is 42.63 keV in the observer’s frame. Upper right: The spectra of SN-rise of BdHN I 190114C corresponding to t = 1.12 s (trf = 0.79s) to t = 1.68 s
(trf = 1.18s), which is best fit by a CPL + BB model, with a low-energy photon index α of −0.71, and a peak energy Ec of 524.7 keV, and a BB temperature
18.42 keV. Time is reported in both the observer’s frame and the rest frame. Spectral parameters of the best fit are presented in the observer’s frame. Lower left:
SN-rise spectrum of BdHN I 180720B, well fitted by a CPL + BB model, from 4.84 to 6.05 s (trf 	 0.s); the spectral index α is −1.13, cut-off energy Ec is
2220.569 keV, and the BB temperature is 50.31 keV in the observer’s frame. Lower right: SN-rise spectrum of BdHN I 160509A, well fitted by a CPL + BB
model, from 2.0 to 4.0 s (trf 	 0.s); the spectral index α is −1.22., cutoff energy Ec is 1796.76 keV, and the BB temperature is 25.66 keV in the observer’s frame.
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Table 3. The properties of the SN-rise in BdHN I: GRB 190114C, GRB 130427A, GRB 160509A, and GRB 160625B; and the properties of the SN-rise in
BdHN II: GRB 180728A.

GRB t1–t2 Duration Flux Esh Eiso Temperature Redshift Reference
(s) (s) (erg cm−2 s−1) (1052 erg) (erg) (keV)

(Observation) (Rest) (SN-rise) (Total) (Rest) (For SN-rise)

190114C 1.12–1.68 0.39 1.06+0.20
−0.20(10−4) 2.82+0.13

−0.13 (2.48 ± 0.20) × 1053 27.4+45.4
−25.6 0.424 Melandri et al. (2019)

130427A 0.0–0.65 0.49 2.14+0.28
−0.26(10−5) 0.65+0.17

−0.17 ∼1.40 × 1054 44.9+1.5
−1.5 0.3399 Xu et al. (2013)

160509A 2.0–4.0 0.92 1.82+1.23
−0.76(10−6) 1.47+0.6

−0.6 ∼1.06 × 1054 25.6+4.8
−4.7 1.17 Tam et al. (2017)

160625B 0–2.0 0.83 6.8+1.6
−1.6(10−7) 1.09+0.2

−0.2 ∼3.00 × 1054 36.8+1.9
−1.9 1.406 This paper

180728A −1.57 to 1.18 0.83 4.82+1.16
−0.82(10−8) 7.98+1.92

−1.34 × 1049 2.76+0.11
−0.10 × 1051 - 0.117 Izzo et al. (2018)

Figure 7. X-ray afterglow luminosities of four BdHNe I observed by Swift-XRT that follow a decaying power law: (a) GRB 130427A (BdHNe I) with amplitude
(3.65 ± 0.63) × 1052 erg s−1 and power-law index αX = 1.24 ± 0.02. (b) GRB 190114C with amplitude (5.14 ± 2.03) × 1052 erg s−1 and power-law index αX =
1.37 ± 0.05. (c) GRB 180720B with amplitude (112.67 ± 93.89) × 1052 erg s−1 and power-law index αX = 1.43 ± 0.07. (d) GRB 160509A with amplitude
(22.68 ± 24.00) × 1052 erg s−1 and power-law index αX = 1.22 ± 0.09. The red points show the luminosity of SN-rise in each BdHN. The fallback of material
from the SN on to the νNS produces this X-ray afterglow emission (Rueda et al. 2020). As shown in Ruffini et al. (2018a, c), till ∼104 s the gamma/X-ray
afterglow is mainly produced by the SN kinetic energy (SN dominated region) and its interaction with the magnetic field of the νNS. After 104 s, as shown by
Ruffini et al. (2018b), the role of νNS becomes prominent (pulsar dominated region).

and power-law index αX = 1.17 ± 0.02. This is consistent with αX =
1.2 ± 0.1 obtained by Campana et al. (2006; see Fig. 5c).

We can then reach the following general conclusions:

(i) The X-ray afterglow is present in all three BdHN subclasses:
BdHN I, BdHN II, and BdHN III.

(ii) The X-ray afterglow is always present in all of the 378 BdHNe
I (see Appendix A).

(iii) This result clearly indicates the spherical symmetry, or a very
wide-angle emission of the X-ray afterglow.

4.1 The spin of the νNS

In Ruffini et al. (2018b), Rueda et al. (2020), and Wang et al. (2019),
the bolometric luminosity contributing to the optical and X-ray bands
by the νNS rotational energy loss by magnetic braking has been mod-
elled for the emission at late times t � 104 s of the ‘Nousek–Zhang’
(flare-plateau-afterglow, FPA phase). This allows the inference of
the initial rotation period of the νNS as well as its magnetic field
structure. The origin of the long GRB afterglows at this phase is the
interaction between the SN ejecta and the spinning magnetized νNS
and their synchrotron emission (Ruffini et al. 2018b).
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Since the νNS is just born, it must be rapidly rotating and contains
abundant rotational energy:

Erot = 1

2
I�2, (4)

where I is the moment of inertia and � = 2π/PνNS is the angular
velocity. For a νNS with a period of PνNS = 1 ms, M = 1.4 M�, R =
10 km, the moment of inertia is I ∼ 1045 g cm2. This leads to a total
rotational energy of E ∼ 2 × 1052 erg.

We assume that the rotational energy of the νNS
provides the energy budget of the X-ray radiation via
synchrotron emission of the electrons (Ruffini et al.
2018b):

Erot = EX. (5)

This is reminiscent of the extraction of the BH rotational energy via
synchrotron radiation of electrons radiating in the GeV energy band
(Ruffini et al. 2019c).

Therefore, using the equation (4) and substituting the equation (3)

dEX

dt
= LX(t) = AX

(
t

1s

)−αx

= −I��̇. (6)

The best fit to the X-ray luminosity of equation (3), together with
equation (6), allow an estimate of the spin of the νNS in all BdHNe,
as well as their spin evolution (see Table 4 and Fig. 8).

In Table 4, we report the physical quantities of three BdHNe I, GRB
130427A, GRB 180720B, and GRB 190114C, together with two
BdHNe II, GRB 180728A and GRB 190829A, as well as one BdHN
III, GRB 060218; assuming a νNS of mass and radius, respectively,
1.4 M� and 106 cm. The νNS emission is not able to explain the
emission of the ‘Nousek–Zhang’ phase at early times 102–104 s.
As it is shown in Ruffini et al. (2018b, c), that emission is mainly
powered by the mildly relativistic SN kinetic energy that we refer
to as the SN dominated region. After 104 s, as shown by Ruffini
et al. (2018b), the role of νNS becomes prominent, referred to as the
pulsar dominated region.

The first main results of this paper are: (1) the first identification
of the SN-rise, (2) the agreement of the extrapolated luminosity of
the X-ray afterglow with the luminosity of the SN-rise, and (3) the
measurement of the νNS period, leading to the power-law emission of
the afterglow (see Fig. 7). The two process of the SN-rise energetics
and the νNS dynamics appear to be strongly correlated.

5 BDHN I: THE F E R MI - L AT O B S E RVAT IONS

5.1 BdHNe I observed by Fermi-LAT

We now address the 378 BdHNe I with known redshifts (see Pisani
et al. 2016; Ruffini et al. 2018a; Appendix A): out of them, we are
first interested in the 25 BdHNe I emitting GeV radiation and within
the boresight angle of Fermi-LAT, i.e. θ < 75◦, at the time of the
trigger, since exposure drops quickly for larger angles (Ajello et al.
2019). They have as well a TS value >25, which means the GeV
photons are excluded at the 5σ level from background sources. We
follow the first and second Fermi catalogues (Ackermann et al. 2013;
Ajello et al. 2019) for the time-resolved likelihood spectral analysis.
Therefore, we divide the data into logarithmic spaced bins and, if
the TS value of each bin is smaller than 16, we merge the time bin
with the next one and repeat the likelihood analysis. In Table 5,
we indicate in the first column the name of the BdHNe I, in the
second their measured redshift, we report in the third column the Ep,i

obtained from the Fermi data, we estimate in the fourth column the

Eγ ,iso, which is itself larger than the 1052 erg. In the fifth column, the
Fermi GCN numbers are shown. In the sixth column, the values of
ELAT are provided and finally we add the boresight angle of the LAT
θ < 75◦ and the TS values of these GRBs observed by LAT.

5.2 BdHNe I without GeV emission and geometry of the
BdHNe I

We now turn to an additional unexpected result obtained in the
analysis of the BdHNe I subtended within the 75◦ of the Fermi-LAT
boresight angle: the existence of 29 BdHNe I without observed GeV
emission (see Table 6). Although the distribution of the boresight
angle and redshift is analogous to the one of the 25 sources considered
in Section 5, no GeV emission is observed.

Some BdHNe I of this group have been observed previously by
Swift and have been identified as sources of (i) gamma and hard
X-ray flares, (ii) soft X-ray flares, and of (iii) the extended thermal
emission (see Ruffini et al. 2018a, for details). A particular example
has been given by GRB 151027A in Nappo et al. (2017) and Ruffini
et al. (2018c). There, we assumed that the viewing angle of these
sources lies in the equatorial plane of the progenitor system (see
Section 1 and Fig. 4). As we will show in this article, in none of these
sources GeV radiation can be observed due to the new morphology
discovered in the BdHNe I (see next section).

6 MO R P H O L O G Y O F B D H N I

We here assume that the 25 sources considered in Table 5, all emitting
in the GeV have a viewing angle close to the normal of the plane.
This assumption is confirmed in Ruffini et al. (2019c) where indeed
the high-energy GeV–TeV radiations are emitted in direction close
to the BH rotation axis.

The remaining 29 sources in Table 6 have a viewing angle in
the equatorial plane of the binary progenitor and in that case only
flaring activities in gamma and X-ray are observable, i.e. no GeV–
TeV emission, as explicitly shown in Ruffini et al. (2018c, 2019c).
This allows us to introduce a new morphology for the BdHNe I and
predict specific observational properties.

We now look at the ratio between the number of GRBs with an
observed GeV radiation, NLAT, and the total number of GRBs, Ntot,
both within the LAT 75◦ boresight angle. We assume that: (1) BdHNe
I follow the same cosmological isotropic distribution of all GRBs first
observed by the BATSE instrument onboard the CGRO satellite (see
e.g. Meegan et al. 1992; Paciesas et al. 1999); (2) all orientations of
the BdHNe I with respect to the LAT detector are equally probable;
(3) the GeV emitting region is a two-side cone whose opening angle
is the same for all sources. Under these assumptions, we can then
estimate the half-opening angle of a single cone ϑ as

1 − cos ϑ = NLAT

Ntot
. (7)

Our search in the LAT data1 gives NLAT = 25 and Ntot = 54, leading
to ϑ ≈ 60◦. Therefore, in BdHN I the GeV emission comes from a
wide-angle emission, as it is schematically shown in Fig. 9. This is in
agreement with theory of synchrotron radiation produced around the
Kerr BH along the rotation axis (see details in Ruffini et al. 2019c).

Therefore, we have identified a new morphology of the BdHN I
(see Figs 9 and 10). The identification of this morphology has been
possible thanks to the analysis of the GeV emission in this paper, by

1https://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat grbs/table.php
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Table 4. Observational properties of three BdHN I, GRB 130427A, GRB 180720B, and GRB 190114C together with two
BdHNe II 180728A and 190829A as well as one BdHN III, GRB 060218 and inferred physical quantities of the νNS of
the corresponding BdHN model that fits the GRB data. Column 1: GRB name; column 2: identified BdHN type; column
3: cosmological redshift (z); column 4: the isotropic energy released (Eiso) in gamma-rays; column 5: νNS rotation period
(PνNS) at 104 s, column 6: The isotropic energy of the X-ray afterglow (EX). We assume the NS mass of 1.4 M� and the
NS radius of 106 cm for all these cases.

GRB Type Redshift Eiso PνNS@104 s EX(after104 s) AX αX

(erg) (ms) (erg) (erg s−1)

130427A BdHN I 0.34 9.2 × 1053 1.15 1.67 × 1052 (3.65 ± 0.63) × 1052 1.24 ± 0.02
180720B BdHN I 0.654 6.8 × 1053 0.66 4.99 × 1052 (112.67 ± 93.89) × 1052 1.43 ± 0.07
190114C BdHN I 0.42 1.5 × 1053 2.19 4.60 × 1051 (5.14 ± 2.03) × 1052 1.37 ± 0.05
180728A BdHN II 0.117 2.3 × 1051 7.74 3.68 × 1050 (2.19 ± 0.13) × 1050 1.15 ± 0.05
190829A BdHN II 0.0785 2.2 × 1050 10.31 2.07 × 1050 (5.20 ± 0.89) × 1049 1.10 ± 0.06
060218 BdHN III 0.033 5.4 × 1049 285.81 2.69 × 1047 (2.19 ± 0.53) × 1047 1.17 ± 0.02

Figure 8. The evolution of the νNS period of six BdHNe, as a function of rest-frame time. The values of the νNS period at 104 s, namely in the pulsar dominated
region of the afterglow are tabulated in Table 4. The trend of the νNS period indicates that the rotational energy is being released due to the radiation losses in
the keV band revealing itself as the X-ray afterglow luminosity.

the soft and hard X-ray flares in Ruffini et al. (2018a), the extended
thermal emission in Nappo et al. (2017), and Ruffini et al. (2018a)
in GRB 151027A. In this identification, we have been guided by the
large number of numerical simulations describing the accretion of
the SN ejected material around the NS companion (see Figs 4 and
10, and its idealized representation in Fig. 9; see Becerra et al. 2016,
2019, for additional details).

What can be concluded from the above results is that in BdHNe I,
the GeV emission is only detectable when the viewing angle is less
than ≈60◦ from the normal to the plane and the BdHN I is ‘seen from
the top’ (see the left-hand plot in Fig. 9). Whenever the viewing angle
is within 60◦ from the orbital plane, no GeV emission is observed,
though X-ray and gamma-ray flares are observed (see right-hand plot
in Fig. 9).

Therefore, the second main result of this paper is the identification
of the BdHN I morphology and its explanation within the BdHN I
model.

7 SPH SI MULATI ON O F BDHNE I

The numerical simulations at the moment of BH formation in a
BdHN I is presented in Becerra et al. (2016, 2019). 3D views of the
density distribution at the moment of the BH formation in a BdHN
I are shown Fig. 10. These plots correspond to the simulation of
the SN ejecta expansion in the presence of the NS companion. The
simulation is performed using an SPH code in which the SN ejecta
material is evolved with N point-like particles, in the present case 16
million, with different masses and their motion is followed under the
NS gravitational field. The orbital motion of the NS around the SN
explosion centre is also taken into account as the NS star gravitational
mass changes via the hypercritical accretion process. The latter was
modelled independently estimating the accretion rate on to the NS
via the Bondi–Hoyle formalism. For the initial conditions of the
simulation, an homologous velocity distribution in free expansion
was adopted and a power-law initial density profile of the SN matter
was modelled by populating the inner layers with more particles (see
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Table 5. Prompt and GeV emission of the 25 long GRBs inside the Fermi-LAT boresight angle and with GeV photons
detected. The columns list: the source name, z, Ep,i, Eγ,iso, ELAT in 0.1–10 GeV, the position of the source from the LAT
boresight θ , the likelihood TS. The ELAT includes only the energy in the observed time duration, which does not cover
the whole GeV emission period, and is different for each GRB, so we put a symbol ’�’ to indicate that the value is the
lower limit.

GRB z Ep,i Eγ,iso Fermi GCN ELAT θ TS
(MeV) (1052 erg) (1052 erg) (deg)

080916C 4.35 2.27 ± 0.13 407 ± 86 8246 230 ± 10 48.8 1450
090323A 3.57 2.9 ± 0.7 438 ± 53 9021 120 ± 20 57.2 150
090328A 0.736 1.13 ± 0.08 14.2 ± 1.4 9044 2.7 ± 0.4 64.6 107
090902B 1.822 2.19 ± 0.03 292.0 ± 29.2 9867 47 ± 2 50.8 1832
090926A 2.106 0.98 ± 0.01 228 ± 23 9934 149 ± 8 48.1 1983
091003A 0.897 0.92 ± 0.04 10.7 ± 1.8 9985 0.8 ± 0.3 12.3 108
091127 0.49 0.05 ± 0.01 0.81 ± 0.18 10204 0.03 ± 0.02 25.8 34
091208B 1.063 0.25 ± 0.04 2.10 ± 0.11 10266 � 0.41 ± 0 55.6 20
100414A 1.368 1.61 ± 0.07 55.0 ± 0.5 10594 7 ± 1 69 81
100728A 1.567 1.00 ± 0.45 72.5 ± 2.9 11006 0.9 ± 0.3 59.9 32
110731A 2.83 1.21 ± 0.04 49.5 ± 4.9 12221 15 ± 2 3.4 460
120624B 2.197 1.39 ± 0.35 347 ± 16 13377 22 ± 2 70.8 312
130427A 0.334 1.11 ± 0.01 92 ± 13 14473 8.6 ± 0.4 47.3 163
130518A 2.488 1.43 ± 0.38 193 ± 1 14675 15 ± 5 41.5 50
131108A 2.40 1.27 ± 0.05 51.20 ± 3.83 15464 37 ± 4 23.78 870
131231A 0.642 0.27 ± 0.01 21.50 ± 0.02 15640 1.6 ± 0.3 38 110
141028A 2.33 0.77 ± 0.05 76.2 ± 0.6 16969 9 ± 2 27.5 104.5
150314A 1.758 0.86 ± 0.01 70.10 ± 3.25 17576 1.8 ± 0.7 47.13 27.1
150403A 2.06 0.95 ± 0.04 87.30 ± 7.74 17667 1.1 ± 0.4 55.2 37
150514A 0.807 0.13 ± 0.01 1.14 ± 0.03 17816 0.06 ± 0.05 38.5 33.9
160509A 1.17 0.80 ± 0.02 84.5 ± 2.3 19403 10 ± 1 32 234
160625B 1.406 1.3 ± 0.1 337 ± 1 19581, 19604 17 ± 1 41.46 961.33
170214A 2.53 0.89 ± 0.04 392 ± 3 20675, 20686 53 ± 4 33.2 1571
170405A 3.51 1.20 ± 0.42 241.01 ± 52.02 20990, 20986 16 ± 7 52.0 56
180720B 0.654 1.06 ± 0.24 68.2 ± 2.2 22996, 23042 2.2 ± 0.2 49.1 975

Fryer et al. 2014; Becerra et al. 2016, 2019, for additional details).
Figs 4 and 10 correspond to an initial binary system formed by a 2 M�
NS and the COcore obtained from a progenitor with MZAMS = 30 M�.
When the COcore collapses and explodes, it ejects 7.94 M� and leads
a νNS of 1.5 M� at its centre. The initial binary period is about 5 min,
corresponding to a binary separation of ≈1.5 × 1010 cm.

The new morphology of the BdHNe I presented here and in the
previous section leads to a difference in the observed energy spectra
and time variability for sources with viewing angle in the plane, or
normal to the orbital plane of the binary progenitor. We infer that our
25 BdHNe I, with viewing angles less than ≈60◦ from the normal
to the orbital plane of the binary progenitor, ‘seen from the top’,
have larger Eγ,iso than the ones with a viewing angle lying in the
plane of the binary system (see Tables 5 and 6). This explains the
association/non-association of the GeV emission with bright GRBs
often mentioned in the current literature (see Cenko et al. 2011;
Racusin et al. 2011, and fig. 4 in Nava 2018).

An additional issue in the traditional approach (see e.g. Racusin
et al. 2011; Beniamini et al. 2015, and sections 3 and 4 in Nava
2018) is also solvable: the sources that are seen with a viewing angle
lying in the orbital plane have stronger flaring activities in the X-
ray afterglow when compared to the 25 emitting in the GeV range.
Therefore, the ratio between Eiso and the luminosity in the X-ray
afterglow is systematically smaller than in the 25 with GeV emission.
This offers a different explanation than the one presented in the
traditional approach. However, all of these matters that have already
been mentioned in Ruffini et al. (2018c) need a new operational
definition of Eγ ,iso, taking into due account the hard and soft X-

ray flares and the extended thermal emission (see also Ruffini et al.
2019b).

Another important specific feature of the new morphology of
BdHN I is the presence of the νNS formed at the centre of the
exploding SN (see Fig. 4 and Becerra et al. 2016, 2019). We
have shown that the νNS manifests itself through the synchrotron
emission by relativistic electrons injected from it into the expanding
magnetized SN ejecta, as well as through its pulsar emission that
explain the early and late optical and X-ray afterglow, respectively,
allowing the inference of the νNS rotation period (see Ruffini et al.
2018b). A smoking gun of this picture, namely the verification of
the νNS activity following the above mechanism, both in XRFs
(BdHNe II) and in BdHNe I, and the connection of the inferred
rotation period of the νNS to the one of the CO-star and to the orbital
period, from angular momentum conservation, has been explicitly
shown in the GRB 180728A (BdHN II) and GRB 130427A
(BdHN I) and GRB 190114C (BdHN I) (see Wang et al. 2019 for
details).

8 THE LUMI NOSI TY POWER-LAW BEHAV IO UR
I N BDHNE MEASURED IN THE REST FRAME

In the following, we fit simultaneously the luminosity light curves of
all the 25 BdHNe with GeV emission expressed in their rest frame.
We assume the same power-law decay index for all of them, but
allow different amplitude values. This assumption is consistent with
our model, moreover, it is a benefit for those GRBs with limited data
that cannot be fitted solely.
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Table 6. List of 29 BdHNe I inside the Fermi-LAT boresight angle and with no GeV photons detected: 29 BdHNe I with redshift taken
from (Ruffini et al. 2016b) from 2008, when Fermi started to operate, till the end of 2016. All of them are within the boresight of Fermi-LAT,
but no detected GeV photons. For each source the columns list: z, Eγ ,iso, Ep, GCN number, position of the source from LAT boresight θ ,
whether there was a detection by LAT, and additional information.

GRB z Ep Eγ ,iso Fermi GCN θ GeV observed Comments
(MeV) (× 1052 erg) (deg)

081222 2.77 0.51 ± 0.03 27.4 ± 2.7 8715 50.0 No
090424A 0.544 0.27 ± 0.04 4.07 ± 0.41 9230 71.0 No
090516A 4.109 0.14 ± 0.03 99.6 ± 16.7 9415 20.0 No Clear X-ray flare
100615A 1.398 0.21 ± 0.02 5.81 ± 0.11 10851 64.0 No
100728B 2.106 0.32 ± 0.04 3.55 ± 0.36 11015 57.1 No
110128A 2.339 0.46 ± 0.01 1.58 ± 0.21 11628 45.0 No
111228A 0.716 0.060 ± 0.007 2.75 ± 0.28 12744 70.0 No
120119A 1.728 0.52 ± 0.02 27.2 ± 3.6 12874 31.4 No
120712A 4.175 0.64 ± 0.13 21.2 ± 2.1 13469 42.0 No
120716A 2.486 0.4 ± 0.04 30.2 ± 3.0 13498 63.0 No
120909A 3.93 0.87 ± 0.01 87 ± 10 13737 66.0 No
130528A 1.250 0.27 ± 0.18 18.01 ± 2.28 14729 60.0 No X-ray flare
130925A 0.347 0.14 ± 0.04 3.23 ± 0.37 15261 22.0 No X-ray flare
131105A 1.686 0.55 ± 0.08 34.7 ± 1.2 15455 37.0 No
140206A 2.73 1.1 ± 0.03 144.24 ± 19.20 15790 46.0 No Clear X-ray flare
140213A 1.2076 0.176 ± 0.004 9.93 ± 0.15 15833 48.5 No
140423A 3.26 0.53 ± 0.04 65.3 ± 3.3 16152 44.0 No
140623A 1.92 1.02 ± 0.64 7.69 ± 0.68 16450 32.0 No
140703A 4.13 0.91 ± 0.07 1.72 ± 0.09 16512 16.0 No
140907A 1.21 0.25 ± 0.02 2.29 ± 0.08 16798 16.0 No X-ray flare
141220A 1.3195 0.42 ± 0.02 2.44 ± 0.07 17205 47.0 No
150301B 1.5169 0.45 ± 0.10 2.87 ± 0.42 17525 39.0 No
150821A 0.755 0.57 ± 0.03 14.7 ± 1.1 18190 57.0 No
151027A 0.81 0.62 ± 0.11 3.94 ± 1.33 18492 10.0 No Clear X-ray flare
151111A 3.5 0.25 ± 0.04 3.43 ± 1.19 18582 50.0 No X-ray flare observed
161014A 2.823 0.64 ± 0.06 10.1 ± 1.7 20051 69.0 No
171222A 2.409 0.1 ± 0.01 20.73 ± 1.7 22272, 22277 43 No
180703A 0.67 0.58 ± 0.05 3.15 ± 0.7 23889, 22896 44 No
180728A 0.117 0.1 ± 0.02 3.15 ± 0.7 23055, 23067 35 No

Figure 9. Schematic plot for showing the morphology of the BdHNe I. The GeV emission is detectable when the viewing angle is less than the 60◦ from the
normal to the orbital plane. Left-hand panel is the situation in which the detectors can observe GeV and prompt emissions and the right-hand panel is the one
for which GeV emission is not detectable and only gamma-ray and X-ray flares are detectable. The 10◦ cuts in both figures indicate the low-density region in
Fig 10 through which the prompt radiation phase can be ‘seen in the orbital plane’. The existence of such a 10◦ cut was first identified by the SPH simulation
quoted in Becerra et al. (2016, 2019) and further confirmed in GRB 151027A (Ruffini et al. 2018c).

We limit our analysis of the light curves after the BdHN I prompt
emission, when the GeV luminosity is already in the asymptotic
power-law regime. We assume the power-law

Ln(t) = Ant
αGeV , (8)

describing the rest-frame 0.1–100 GeV isotropic luminosity light
curve of nth BdHN I. In the simultaneous fitting, we perform the
Levenberg–Marquardt method to perform the minimization (Gill &
Wright 1981). The basic idea of fitting is to minimize the χ2; when
fitting one curve to one equation, the χ2 is minimized. To fit N curves
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Figure 10. 3D, half-hemisphere views of the density distribution of the SN ejecta at the moment of BH formation in a BdHN I. The simulation is performed
with an SPH code that follows the SN ejecta expansion under the influence of the NS companion gravitational field including the effects of the orbital motion
and the changes in the NS gravitational mass by the hypercritical accretion process. The initial conditions of the SN ejecta are set as a homologous velocity
distribution in free expansion and the mass distribution is modelled with 16 millions point-like particles (see Becerra et al. 2016, 2019, for additional details).
The binary parameters of this simulation are: the NS companion has an initial mass of 2.0 M�; the CO-star, obtained from a progenitor with ZAMS mass
MZAMS = 30 M�, leads to a total ejecta mass of 7.94 M� and to a 1.5 M� νNS, the orbital period is P ≈ 5 min (binary separation a ≈ 1.5 × 1010 cm). The
distribution of the ejecta is not axially symmetric; it is strongly influenced by the rotation of the system and accretion occurring in the binary component (see
Fig. 4). Particularly relevant for the observations is the low-density region of ≈10◦ which allows the sources with viewing angle in the equatorial plane to detect
the prompt radiation phase. This has been qualitatively indicated in Fig. 9. In these sources, only a fraction of approximately 10 per cent of the prompt radiation
can be detectable, they are the only ones able to trigger the Fermi-GBM and the remaining 90 per cent will not have detectable prompt radiation (see Ruffini
et al. 2018c). Figure is taken from Ruffini et al. (2018c) with the kind permission of the authors.

to N equations simultaneously, the sum of the χ2 values should be
minimized. The related equations are

χ2 = ∑N

n=1 χ2
n , (9)

χ2
n = ∑M

i=1
1

σ 2
ni

(Lni − Ln(tni , An, αGeV))2, (10)

where n represents each BdHN I, i represents each data point in a
given BdHN I, An is the amplitude of a power-law function for the
nth BdHN I, and αGeV is the common power-law index shared for
all the BdHNe I. Thus, for the nth BdHN I, at time tni, the observed
luminosity is Lni, and the predicted luminosity is Ln(tni, An, α). The
value of χ2 represents the difference between the best power-law
fitting and all the observed data; it is a summation of individual χ2

n ,
which represents the difference between the power-law fitting and
the observed value of each GRB.

Out of 25 BdHNe I presented in Table 5, we perform the fitting for
only 20 GRBs that have more than two data points in their luminosity
light curves. Therefore, for the fitting of BdHNe I, there are 20 bursts
and each one has its power-law function. Consequently, there are in

total 17 parameters, including 20 amplitudes, and 1 power-law index.
The fitting gives a power-law index of αGeV = 1.19 ± 0.04, i.e.:

Ln = An t −1.19±0.04, (11)

which is plotted in Fig. 3 and the amplitudes of each GRB, An,
with the uncertainty are shown in Table 7. This inferred power-law
index is similar to the one obtained from fitting the GeV flux, fν(t)
(see e.g. Kumar & Barniol Duran 2009; Panaitescu 2017), in which
the power-law index is αGeV = 1.2 ± 0.2 and αGeV = 1.2 ± 0.4,
respectively.

In our approach, we adopt an alternative interpretation of these
power laws: instead of using the flux expressed in arrival time, we
use the luminosity expressed in the rest frame of the source. Since the
luminosity is proportional to the flux, i.e. L = 4πd2

L(1 + z)αGeV−2fν ,
where dL is the luminosity distance, this similarity of the power-law
index is not surprising. The advantage of using luminosity expressed
in the rest frame of the source, instead of flux in arrival time, is
that one can determine the intrinsic energy loss of the system that
produces the GeV radiation, regardless of differences in the redshift
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Table 7. Fitting parameters of the 0.1–10 GeV power-law luminosity when measured in the rest frame
of 20 BdHNe with GeV emission: amplitude of the 0.1–10 GeV luminosity, An, and its uncertainty, the
inferred 0.1–10 GeV luminosity at 10 s from the fitting and its uncertainty. The common power-law
index is αGeV = 1.19 ± 0.04. Out of 25 BdHNe emitting GeV emission, we performed the fitting for
20 GRBs that have more than two data points in their luminosity light curves. GRBs 091127, 091208B,
130518A, 150314A, 150514A have only two data points in their GeV luminosity light curves.

BdHN An (Amplitude) Uncertainty of An L10s Uncertainty of L10s

080916C 2.9 × 1053 +9.1
−7.4 × 1052 1.88 × 1052 +1.1

−1.0 × 1052

090323A 9.4 × 1053 +3.5
−2.9 × 1053 6.04 × 1052 +3.8

−1.4 × 1052

090328A 2.4 × 1052 +1.1
−0.7 × 1052 1.5 × 1051 +1.0

−0.9 × 1051

090902B 8.9 × 1052 +2.5
−2.0 × 1052 5.7 × 1051 +3.3

−3.0 × 1051

090926A 2.1 × 1053 +5.9
−4.8 × 1052 1.4 × 1052 +7.9

−7.3 × 1051

091003A 5.7 × 1051 +1.7
−1.5 × 1051 3.7 × 1050 +2.1

−2.0 × 1050

100414A 3.5 × 1052 +1.4
−1.1 × 1052 2.3 × 1051 +1.4

−1.3 × 1051

100728A 4.2 × 1051 +1.9
−1.5 × 1051 2.7 × 1050 +1.9

−1.6 × 1050

110731A 2.3 × 1052 +0.8
−0.5 × 1052 1.8 × 1051 +0.9

−0.8 × 1051

120624B 2.4 × 1053 +8.2
−6.2 × 1052 1.6 × 1052 +9.6

−8.5 × 1051

130427A 5.1 × 1052 +2.1
−2.0 × 1051 3.3 × 1051 +1.3

−1.3 × 1051

131108A 6.1 × 1052 +9.1
−8.9 × 1051 3.9 × 1051 +2.0

−1.9 × 1051

131231A 1.64 × 1052 +7.9
−5.4 × 1051 1.1 × 1051 +7.3

−6.1 × 1050

141028A 3.6 × 1052 +1.2
−1.1 × 1052 2.3 × 1051 +1.4

−1.3 × 1051

150403A 6.8 × 1051 +3.0
−2.3 × 1051 4.3 × 1050 +2.9

−3.0 × 1050

160509A 1.4 × 1052 +4.9
−3.8 × 1051 8.9 × 1050 +5.4

−4.1 × 1050

160625B 1.4 × 1053 +4.6
−3.4 × 1052 8.7 × 1051 +5.2

−4.6 × 1051

170214A 2.8 × 1053 +7.4
−5.9 × 1052 1.8 × 1052 +1.0

−0.9 × 1052

170405A 4.1 × 1052 +1.1
−1.0 × 1052 2.5 × 1051 +1.5

−1.4 × 1051

180720B 5.4 × 1052 +6.6
−6.1 × 1051 3.5 × 1051 +2.2

−2.1 × 1050

of the sources. This allows us following our recent understanding
of the BdHN I 130427A (see Ruffini et al. 2019c, and references
therein), to relate the GeV radiation to the slowing down of the BH
spin (see Section 10).

After obtaining the best power-law parameters for the luminosity
light curve for each BdHNe I, we check the correlation between the
GeV luminosity at 10 s from equation (11) using the fitted parameters
and the isotropic energy Eγ,iso. The power-law fitting gives (see
Fig. 11)

L10s = (4.7 ± 1.2) × 1048 (Eiso/1052) 1.3±0.3, (12)

and the fitting parameters for each GRB including their uncertainties
are shown in Table 7. Furthermore, we estimate the energy released
in the GeV band by each GRB in the 0.1–104 s time interval, i.e.:

E0.1−104s = AGRB

∫ 10000

0.1
t−1.19 dt , (13)

and the derived E0.1−104s are shown in Table 8. The parameters
E0.1−104s and Eγ ,iso (isotropic energy of the prompt emission in γ

band) are also correlated by a power-law relation (see Fig. 11):

E0.1−104s = (4.4 ± 1.5) × 1050 (Eiso/1052)1.4±0.3. (14)

This positive correlation indicates that the BdHNe I with higher
isotropic energy are also more luminous and more energetic in the
GeV emission.

9 TH E D E T E R M I NAT I O N O F T H E M A S S A N D
S P I N O F T H E BH IN BD H N E I

The theoretical progress introduced in Ruffini et al. (2019c) has
identified the GeV radiation as originating in the inner engine of
BdHN I. There, for the first time, it has been shown that indeed the
rotational energy of a Kerr BH can be extracted for powering an
astrophysical system. The inner engine is composed of (i) a non-
stationary Kerr BH, (ii) a uniform magnetic field of ∼1010G aligned
with the rotation axis, and (iii) the presence of a very tenuous fully
ionized electron–nuclei plasma. The fundamental new conceptual
breakthrough introduced by the physics of the inner engine is
developed in parallel papers (see e.g. Rueda & Ruffini 2020). The
main goal here is to show, using our recently published results, that
the rotational energy of the Kerr BH is indeed sufficient to explain the
energetics of the GeV emission. In turn, this allows us to determine
here the mass and spin of the Kerr BH in each BdHN I.

We here apply the self-consistent solution already well tested in
the case of GRB 130427A (Ruffini et al. 2019c) and GRB 190114C
(Moradi et al. 2019) for determining the three parameters of the inner
engine, namely the mass and spin of the BH as well as the strength of
the surrounding magnetic field B0. The values are obtained satisfying
three conditions:

(i) The energy budget for the observed GeV luminosity is provided
by the extractable rotational energy of a Kerr BH (see equation (1a);
see equation 34 in Ruffini et al. 2019c).

(ii) The magnetic field B0 fulfills the transparency condition for
the propagation of the GeV radiation imposed by the e+e− pair
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Figure 11. Left: The Fermi-LAT luminosity at 10 s in the energy range 0.1–10 GeV versus the isotropic gamma-ray energy from 1 keV to 10 MeV. The BdHNe
are listed in Table 7. Right: The Fermi-LAT energy from 0.1 to 104 s versus isotropic gamma-ray energy from 1 keV to 10 MeV. See the corresponding values
in Table 8.

Table 8. Results of E0.1−104s and related error of 20 BdHNe. E0.1−104s is the
total GeV energy (in erg) emitted from 0.1 to 104 s. GRBs 091127, 091208B,
130518A, 150314A, 150514A are excluded since they have only two data
points in their GeV luminosity light curves.

BdHN E0.1−104s Uncertainty of E0.1−104s

080916C 2.1 × 1054 6.6 × 1053

090323A 6.8 × 1054 2.5 × 1054

090328A 1.73 × 1053 7.9 × 1052

090902B 6.4 × 1053 1.8 × 1053

090926A 1.54 × 1054 5.60 × 1053

091003A 4.12 × 1052 1.58 × 1052

100414A 2.53 × 1053 1.18 × 1053

100728A 3.0 × 1052 1.6 × 1052

110731A 1.6 × 1053 5.8 × 1052

120624B 1.7 × 1054 7.2 × 1053

130427A 3.6 × 1053 1.8 × 1052

131108A 4.4 × 1053 1.2 × 1053

131231A 1.2 × 1053 6.3 × 1052

141028A 2.6 × 1053 1.1 × 1053

150403A 4.9 × 1052 1.7 × 1052

160509A 1.1 × 1053 3.5 × 1052

160625B 1.1 × 1054 3.3 × 1053

170214A 2.1 × 1054 5.3 × 1053

170405A 3.0 × 1053 7.9 × 1052

180720B 3.8 × 1053 4.7 × 1052

production process in the inner engine (see equation 35 in Ruffini
et al. 2019c).

(iii) The ‘quantized’ emission of the GeV radiation is determined
by the density of the plasma and by the synchrotron radiation time-
scale (Ruffini et al. 2019c) (see equation 36 in Ruffini et al. 2019c).

The high-quality GeV data in 11 BdHNe I out of the 25 long
GRBs in Table 5 allow us to determine the starting point of the
decreasing luminosity, by identifying the transition of the power-law
dependence of the GeV luminosity from a positive to a negative
slope (see Ruffini et al. 2019c, for more information). This enables
us to calculate the lower limit of the mass, M, spin parameter of the
BH, α, the corresponding irreducible mass of the BH, Mirr, which
remains constant during the energy extraction process, and finally the
surrounding magnetic field strength, B0, as reported in Table 9. The
values of the masses M > 2.21 M� and spin parameters of α < 0.71
of the BH for BdHNe I presented in Table 9 show the consistency

Table 9. The mass, M, the spin parameter, α = J/M2, and surrounding
magnetic field, B0 in 11 BdHNe I, out of the 25 long GRBs in Table 5. The
high-quality GeV data of this sample allows for a measurement of the lower
limit of their ‘inner engine’ parameters; see equation (1a).

Source α M(α) Mirr B0

(M�) (M�) 1010 G

BdHN I 080916C 0.87 8.9 7.6 1.9
BdHN I 090902B 0.59 5.3 5 2.8
BdHN I 090926A 0.76 8.4 7.7 2.1
BdHN I 110713A 0.37 4.7 4.6 4.5
BdHN I 130427A 0.40 2.3 2.24 4.1
BdHN I 130518A 0.50 2.5 2.4 3.3
BdHN I 131108A 0.56 4.7 4.4 2.9
BdHN I 160509A 0.41 2.4 2.3 4
BdHN I 170214A 0.80 2.8 2.5 2.1
BdHN I 170405A 0.45 3.4 3.3 3.7
BdHN I 180720B 0.27 2.3 2.29 6

with the upper limit of the critical mass of the NS in Rhoades &
Ruffini (1974) and the mass and spin of rotating NSs computed in
Cipolletta et al. (2015); see Fig. 12.

This has indeed been addressed in recent works (Ruffini et al.
2019c), where we have developed a complementary theory and its
related analysis to identify the physical conditions that have to be
enforced in order to extract the rotational energy of a Kerr BH. We
have there addressed an approach of considering a Kerr BH placed in
a uniform magnetic field of 1010 G aligned along the BH symmetry
axis, fulfilling the Einstein–Maxwell equations via the Papapetrou–
Wald solution (Papapetrou 1966; Wald 1974) modelling the inner
engine that produces the MeV, GeV, and TeV radiation and UHECRs
as well (Rueda & Ruffini 2020).

1 0 S P I N - D OW N O F TH E B H I N B D H N E I

Following our previous work (Ruffini et al. 2019c), we can turn now
from the luminosity expressed in the rest frame of the sources, see
equation (11), and from the initial values of the spin and mass of the
BH expressed in Section 9, to derive the slowing down of the BH
due to the energy loss in the GeV emission.
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Figure 12. NS critical mass as a function of the spin parameter α for the NL3
and TM1 EOS. We recall that the maximum spin parameter of a uniformly
rotating NS is αmax ≈ 0.71, independently of the NS EOS (see e.g. Cipolletta
et al. 2015).

The relation of the luminosity and the extractable rotational energy
is (see equation 39 in Ruffini et al. 2019c)

L = −dEextr

dt
= −dM

dt
. (15)

For each BH during the GeV emission process the Mirr is constant.
Utilizing the best fit obtained for the GeV luminosity LGeV =
AGeV t−1.2 erg s−1, we obtain a relation for the loss of mass energy of
the BH by integrating equation (15):

M = M0 + 5At−0.2 − 5At−0.2
0 , (16)

where M0 is the initial mass of the newborn BH tabulated in Table 9.
From the mass–energy formula of the BH, we have (Ruffini et al.
2019c)

a = J

M
= 2Mirr

√
1 − M2

irr

(M0 + 5At−0.2 − 5At−0.2
0 )2

, (17)

where M0 is the initial mass of the BH presented in Table 9 as M α

at time t0 at which the decaying part of GeV luminosity begins.
As indicative examples, we show in Fig. 13 the decrease of the

BH spin, α = a/M = J/M2, as a function of time in GRBs 090902B,
131108A, and 170405A.

The third main results of this paper are: the identification of the
rotational energy extraction from a Kerr BH and the consequent
measure of the BH mass and spin.

1 1 C O N C L U S I O N S

The unprecedented observations of GRBs, pioneered by the Beppo-
Sax satellite, have developed into the largest ever observational
multiwavelength effort in astrophysics: starting with the Swift, BAT,
and XRT instruments in the X-ray band; see Fig. 14, progressing with
the AGILE and with Fermi-GBM in the MeV–GeV bands. These
have worked in synergy with hundreds of optical, radio, and VHE
telescopes worldwide including MAGIC (see Fig. 1) and H.E.S.S.
(see Fig. 2).

This unprecedented observational effort assisted by parallel theo-
retical developments has allowed in this article the achievement of
a new understanding of three new basic properties of the BdHNe:
the first appearance of the SN triggering the entire BdHN process,
the SN-rise; the presence of a mildly relativistic afterglow in the

X-ray in all BdHN; the identification in all BdHN of the origin of
the high-energy emission in an inner engine driven by a newborn
BH; the description of their morphology. We show, for the first
time, the extractable energy of a Kerr BH as an astrophysical
energy source, which has allowed the inference of the BH mass and
spin.

In Section 2, we first recall that binary systems have an important
role in understanding both short and long GRBs and we report the
progress in the classification of GRBs in nine different subclasses
(see e.g. Wang et al. 2019, and references therein). We then focus on
the BdHNe: long GRB model with progenitors composed of COcore

and the binary NS companion. The COcore undergoes gravitational
collapses that gives origin to an SN and the collapse of its Fe-core
produces a νNS.

We also there recall the fundamental role of the hypercritical
accretion of the SN into the companion binary NS and into the
νNS determine the BdHNe further evolution (see Fig. 4 and Pisani
et al. 2016; Ruffini et al. 2016b, 2018c; Wang et al. 2019 for further
details). The SN accretion on to the νNS gives origin to the X-ray
afterglow emission, while the SN accretion on to the companion
NS leads to different outcomes as a function of the binary period.
For periods shorter than 5 min, the hypercritical accretion on to the
companion NS is sufficient for the NS to overcome its critical mass
and gravitationally collapse to a BH. The BH formation characterizes
a BdHN I with an isotropic energy in the range of 1052 erg � Eis �
1054 erg. We here show that it gives origin, only in some of them, to
the GeV emission observed by Fermi-LAT. For larger binary periods,
no BH is formed and consequently no GeV radiation is observed,
the hypercritical SN accretion leads to an M-NS with an isotropic
energy in the range of 1050 erg � Eis � 1052 erg. We refer to these
binaries as BdHN II paradigm. The same occurs for more detached
binary systems leading to a BdHN III, where the isotropic energy is
in the range of 1048 erg � Eiso � 1050 erg.

In Section 3, we have given the spectral properties of the first
appearance of the SN-rise in BdHN I and in BdHN II and also
differentiate their energetics.

In Section 4, we have related the SN-rise luminosity to the X-
ray luminosity of the afterglow in all three BdHNe types. It is a
fortunate coincidence that we have recently understood the origin of
the afterglow as a consequence of the SN hypercritical accretion
on the νNS. This process is dominated by a mildly relativistic
synchrotron pulsar-like emission with Lorentz factor � ∼ 2 that gives
rise to the X-ray afterglow (Ruffini et al. 2018b; Wang et al. 2019;
Rueda et al. 2020), and we have also related their X-ray luminosity to
the NS spin. This has allowed us to represent in Fig. 8 the afterglows
for two BdHNe I, for two BdHNe II, and one BdHN III and estimate
in Table 4 the initial spin value of the νNS. What is most remarkable
is that the X-ray afterglow is present in all BdHN types which
implies that, unlike the GeV emission, which as we show in this
article to be necessarily beamed, the X-ray afterglow emission is
necessarily isotropic. What is equally relevant is that independently
of the differences among these four subclasses of BdHN, the X-ray
afterglow luminosity emission is consistent with a power-law index
of −1.48 ± 0.32 as measured from the Swift observations (Pisani
et al. 2016), and a common energy source well explained by the
rotational energy of the νNS.

The first main result of this paper identification of the SN-rise and
the measurement of the νNS spin originating the power-law emission
of the afterglow (see Figs 7 and 8). The two process of the SN-rise
energetics and the νNS dynamics appear to be strongly correlated.

We then turn in Section 5 to consider only the case of BdHN I and
their Fermi-GBM and LAT observations. In Appendix A, we update
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Figure 13. The BH spin as a function of rest-frame time. The initial values of the spin and mass of the BH for GRB 090902B are α = 0.59 and M(α) = 5.3
M�; for 131108A: α = 0.56 and M(α) = 4.7 M�; and for 170405A: α = 0.45 and M(α) = 3.4 M�. This behaviour of the spin parameter indicates that the
rotational energy of the BH is decreasing due to the radiation losses in the GeV energy band.

Figure 14. Luminosity of BdHN I 130427A: the black data points represent the rest-frame 0.3–10 keV luminosity obtained from Swift-XRT. It follows a decaying
power law with amplitude (3.65 ± 0.63) × 1052 erg s−1 and index αX = 1.24 ± 0.02. The red data points show the rest frame in 0.1–20 GeV luminosity observed by
Fermi-LAT. It follows a decaying power law with an amplitude of (5.1 ± 0.2) × 1052 erg s−1 and index αGeV = 1.19 ± 0.04. Details are given in Sections 4, 5, and 8.

our previous classification of BdHN I following Pisani et al. (2016),
Ruffini et al. (2016b, 2018c) reaching the total number of 378 BdHN
I, all of them are characterized by

(i) a measured cosmological redshift;
(ii) a prompt emission of T90 > 2 s, measured by Fermi-GBM,

with isotropic energy larger than 1052 erg;

(iii) a decaying X-ray afterglow, measured by Swift-XRT, charac-
terized by a luminosity decreasing with a mean power law with index
of αX = −1.48 ± 0.32.

Contrary to the case of the X-ray afterglow, universally present in
all BdHN types, the GeV radiation is present only in some BdHN
I. No GeV emission occurs in BdHN II and BdHN III. We first
explore the possibility that the non-detection of GeV radiation in
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some of BdHNe I could be due to the observational limitation of
the LAT field of view, i.e. because of the boresight angle smaller
than 75◦. Indeed, we find that only Ntot = 54 out of the 378 BdHNe
I are inside the boresight angle of Fermi-LAT. What is unexpected
is that only NLAT = 25 out of these 54 BdHNe I exhibit the GeV
emission observed by Fermi-LAT. For each of these 25 sources, we
have given the basic parameters in Table 5. The corresponding data
of the remaining 29 BdHN I, without observed GeV radiation, are
given in Table 6.

In Section 6, we have assumed that all BdHNe I, like all GRBs
are homogeneously distributed in space (see e.g. Meegan et al. 1992;
Paciesas et al. 1999), we have inferred that the emission of the GeV
radiation occurs in two opposite cones each of half-opening angle of
∼60◦ from the normal to the binary plane.

We duly recall as well that the visualization of the morphology
has been made possible thanks to a close collaboration with LANL
(see Becerra et al. 2016, 2019, for additional details), leading to the
results well illustrated in the simulation presented in Figs 4 and 10.
We then conclude from this simulation that all of the 25 LAT sources
are actually ‘seen from the top’ that allows us to fully observe the
conical emission of 60◦ half-opening angle. For the remaining 29
BdHN I without an observed GeV emission, we provide evidence
that when the Swift data are available, gamma-ray flares and hard and
soft X-ray flares as well as extended thermal emissions are observed
in these systems (Ruffini et al. 2018a, c), and that these sources have
a viewing angle laying in the ‘orbital plane’ of the binary progenitor
system.

We conclude that we are faced with a new morphology of the
BdHN I that depends significantly on the viewing angle, ‘seen from
the top’, normal to the binary orbital plane when the GeV emission
is observed, or seen ‘in the plane’ of the binary when the observation
of the GeV radiation is impeded by the accreting binary material (see
Figs 4, 9, and 10). This is reminiscent of the morphology encountered
in some AGNs (see e.g. the AGN IC 310 in Aleksić et al. 2014).

The second main result of this paper is the identification of the
BdHN I conical morphology and its explanation within the BdHN I
model.

We then recall some theoretical progresses in understanding the
origin of the GeV emission:

(i) The identification of the three components of the GRB inner
engine in GRB 130427A (Ruffini et al. 2019c), composed of a Kerr
BH with a magnetic field B0 aligned with the BH rotation axis, both
embedded in a tenuous ionized plasma composed of electrons and
ions, has represented a turning point in the study of BdHN I. The
electrodynamics of this inner engine, based on the Papapetrou–Wald
solution (Papapetrou 1966; Wald 1974; Ruffini et al. 2019c), leads
to a high-energy emission in two opposite lobes in the MeV, GeV,
and TeV radiation as well as narrowly beamed UHECR along the
BH polar axis (Moradi et al. 2019).

(ii) This high-energy emission, unlike the traditional models, that
implies ultrarelativistic baryonic motion with � ∼ 103 at 1016–
1018 cm occurs very close to the BH horizon.

(iii) The energy source is the extractable energy of the BH
(Christodoulou 1970; Christodoulou & Ruffini 1971; Hawking 1971,
1972; see equation 1a), and is emitted in a sequence of impulsive
process, the ‘blackholic quanta’, occurring on a time-scale of 10−14 s
(Rueda & Ruffini 2020).

On the basis of these results, we have examined the physical origin
of the GeV emission observed by Fermi-LAT both in BdHN I. We
find that the luminosity of the GeV emission as a function of time in
the rest frame of the source fulfills a universal decaying power-law

dependence with index of −1.19 ± 0.04; see Fig 3. This has allowed:
(1) to verify that indeed the entire GeV radiation observed by Fermi-
LAT can be energetically expressed in terms of the rotational energy
of the Kerr BH; (2) following the procedures in Ruffini et al. (2019c)
to evaluate the mass and spin of the BH (see Table 9); and (3) to
explicitly compute the slowing down rate of the BH spin due to the
GeV emission (see Fig. 13).

It has been possible for some of the 25 sources with the best data:

(i) To compute the lower limit of the initial value of the BH masses,
M, and show their consistency with the absolute upper limit of the
NS critical mass (Rhoades & Ruffini 1974), and the upper limit of the
NS mass of M = 2.21 M� and spin parameter of α < 0.71 computed
in Cipolletta et al. (2015).

(ii) To evaluate the value of the spin, a, and show the consistency
with the canonical upper limit α = a/M ≤ 1.

(iii) By combining the value of the spin of the νNS observed from
the afterglow (see Table 4), the time intervening between the SN-rise
and the UPE phase, the mass estimate of the BH in GRB 190114C
and in GRB 090926A and in GRB 180720B, we infer that necessarily
in these system we are observing the presence of a BdHN precursor
with a companion NS grazing the surface of the COcore.

The third main results of this paper is the identification of the
rotational energy extraction from a Kerr BH as the origin of the
GeV emission and allowing the consequent measure of the BH mass
and spin.

All the above three main results are important: the underlying proof
that indeed we can use the extractable rotational energy of a Kerr BH
for explaining the high-energy jetted emissions of GRBs and AGNs
stands alone. Even more subtle is the fact that the jetted emission
does not originate from massive ultrarelativistic jetted emissions,
but from very special energy-saving ultrarelativistic quantum and
classical electrodynamical processes originating in the high-energy
jetted emission. We were waiting for this result for 49 yr, since the
writing of equation (1a).

Far from completing an era, GRBs are a fertile ground to discover
new physical laws. In front of us: the identification of the nature
of the SN-rise, the constituent of the UPE emission, the further
application of the blackholic energy (Rueda & Ruffini 2020), and the
identification of their timescales ranging from 10–15 s to 1017 s.
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We address the physical origin of the ultrarelativistic prompt emission (UPE) phase of GRB 190114C
observed in the interval trf ¼ 1.9–3.99 s, by the Fermi-GBM in 10 keV–10 MeV energy band. Thanks to
the high signal-to-noise ratio of Fermi-GBM data, a time-resolved spectral analysis has evidenced a
sequence of similar blackbody plus cutoff power-law spectra (BBþ CPL), on ever decreasing time
intervals during the entire UPE phase. We assume that during the UPE phase, the “inner engine” of the
GRB, composed of a Kerr black hole (BH) and a uniform test magnetic field B0, aligned with the BH
rotation axis, operates in an overcritical field jEj ≥ Ec, where Ec ¼ m2

ec3=ðeℏÞ, being me and −e the mass
and charge of the electron. We infer an eþe− pair electromagnetic plasma in presence of a baryon load, a
PEMB pulse, originating from a vacuum polarization quantum process in the inner engine. This initially
optically thick plasma self-accelerates, giving rise at the transparency radius to the MeV radiation observed
by Fermi-GBM. At times trf > 3.99 s, the electric field becomes undercritical, jEj < Ec, and the inner
engine, as previously demonstrated, operates in the classical electrodynamics regime and generate the GeV
emission. During both the “quantum” and the “classical” electrodynamics processes, we determine the time
varying mass and spin of the Kerr BH in the inner engine, fulfilling the Christodoulou-Hawking-Ruffini
mass-energy formula of a Kerr BH. For the first time, we quantitatively show how the inner engine, by
extracting the rotational energy of the Kerr BH, produces a series of PEMB pulses. We follow the quantum
vacuum polarization process in sequences with decreasing time bins. We compute the Lorentz factors, the
baryon loads and the radii at transparency, as well as the value of the magnetic field, B0, assumed to be
constant in each sequence. The fundamental hierarchical structure, linking the quantum electrodynamics
regime to the classical electrodynamics regime, is characterized by the emission of “blackholic quanta”
with a timescale τ ∼ 10−9 s, and energy E ∼ 1045 erg.

DOI: 10.1103/PhysRevD.104.063043

I. INTRODUCTION

It is by now clear that gamma-ray bursts (GRBs), far
from being a short single elementary process lasting less
than 102 s, are possibly the most complex astrophysical
systems in the Universe, an authentic fundamental physics
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laboratory. A series of Episodes, corresponding to new
different physical laws, take place on vastly different
characteristic timescales ranging from quantum electrody-
namics (QED) timescales of 10−21 s, to classical electro-
dynamics processes of 10−14 s, as well as to gravitational
processes of 10−6 s, and to hydrodynamics timescales of
1 s and of 107 s, and the GRB source lifetime can indeed be
as long as 1017 s, i.e., the Universe lifetime (see [1], and
references therein).
One of the most intriguing phenomena occurring in the

most energetic long GRBs is the ultrarelativistic prompt
emission (UPE) phase. In the case of GRB 190114C: (1) it
takes place on a 2 s rest-frame time (trf ) interval, (2) it
encompasses 40% of the GRB isotropic energy, and (3) it
occurs in an originally optically thick domain reaching
transparency in the keV-MeV energy range.
We address in this article the challenge of inferring, from

spectral properties, on an ever-decreasing timescales, the
nature of this new and yet unexplained process. We use:
(A) The concepts previously developed for a self-accel-
erating optically thick eþe− pair-electromagnetic-baryon
plasma (PEMB pulse) originated from vacuum polarization
produced by a overcritically charged Kerr-Newman black
hole (BH) [2–7]. (B) A specific property of the PEMB
pulse: the reaching of the transparency radius with Γ ∼ 100
[3], which is essential to overcome the compactness
problem of the UPE phase; see e.g., [8,9] (C) The
Papapetrou-Wald solution [10,11] as an alternative to the
charged Kerr-Newman BH as the source of vacuum
polarization process. (D) The concept of an “effective
charge”, Qeff , which overcomes the difficulty of adopting
the unexplained origin of a charged BH. This concept
allows to explain in an “effective way” the electric field
which arises from the gravitomagnetic interaction of a Kerr
BH with a surrounding magnetic field, B0. The effective
charge has been used in the study of the “inner engine” of
GRB 130427A [12] and GRB 190114C [13].
We address the UPE phase of GRB 190114C that, owing

to its morphology, can be identified as a canonical binary
driven hypernova (BdHN) of type I (see details below),
observed with a viewing angle orthogonal to the orbital
plane of the GRB binary progenitor. Indeed, a variety of
episodes of GRB 190114C have been already identified
and duly explained [1], including the x-ray afterglow [14]
and the GeV emission [13].
It has been possible since the beginning of 2018 [1,14–

17] to obtain specific new results thanks to a variety of
factors, including the identification of new GRB para-
digms, a novel time-resolved spectral analysis fulfilling
stringent criteria of statistical significance [18–23], and
three-dimensional, numerical smoothed-particle-hydrody-
namic (SPH) simulations of BdHNe presented in Becerra
et al. [24]. From these results, it has been concluded:
(A) There is clear evidence that the progenitors of long

GRBs are binary systems composed of a carbon-oxygen

(CO) star and a neutron star (NS) companion: the BdHN.
The gravitational collapse of the iron core of the CO star
leads to the SN and forms the newborn NS (νNS). When the
binary period is short i.e., ∼5 min, the SN ejecta hyper-
critically accretes onto the companion NS, leading to the
formation of a BH [1]. These systems are known as BdHN
of type I (BdHN I). This approach was successfully
adopted in explaining the physical origin of the x-ray
flares [25], further confirmed in Ruffni et al. [26].
(B) The accretion of the SN ejecta onto the νNS in

BdHNe has given the opportunity to explain the underlying
physical nature of the x-ray afterglow in GRB 130427A,
GRB 160509A, GRB 160625B, GRB 180720A and GRB
190114C; see [14] and [15].
(C) The observations of a mildly relativistic phase in the

GRB plateau and in the afterglow [25,26], have motivated
the use of BdHNe model in order to explain the energetic of
the GeV emission as originating from the extraction of
rotational energy of a Kerr BH very close to the BH
horizon, described by the inner engine, addressed in Ruffni
et al. [12], Rueda and Ruffni [17].
The inner engine is composed of: (1) a Kerr BH with

mass of M and angular momentum of J, (2) an asymp-
totically uniform magnetic field, B0 aligned with the BH
rotation axis, the Papapetrou-Wald solution [11], and (3) a
very low density plasma composed of ions and electrons
with density of 10−14 g cm−3; see Ruffni et al. [12]. The
effective charge, Qeff , of this system:

Qeff ¼ 2B0JG=c3; ð1Þ

originates from the gravitomagnetic interaction of the Kerr
BH with the surrounding magnetic field, B0, being c and G
the speed of light in vacuum and the gravitational constant,
respectively; see Ruffni et al. [12], Rueda and Ruffni [17],
and Moradi et al. [13].
In order to explain the GeV emission the inner engine

operates in an undercritical electric field regime, i.e.,
jEj < Ec, where Ec ¼ m2

ec3=ðeℏÞ, being me and −e the
electron mass and charge, respectively, in presence of a
magnetic field of B0 ∼ 1010 G, assumed to be constant in
the entire process of emission. During this process:
(1) electrons are injected close to the horizon with an

initial Lorentz factor of γ ¼ 1;
(2) electrons are accelerated by the electromagnetic

fields of the inner engine and radiate synchrotron
photons of GeV energies;

(3) the radiation does not occur continuously but is
emitted in elementary events (quanta) of ∼1037 erg
on a timescale of ∼10−14 s. This energy is paid by
the rotational energy of the Kerr BH implying a
corresponding decrease of the angular momentum J
of the Kerr BH [12,13,17].

The emission of the quanta is repetitive. After the
emission of each quanta, a new process occurs starting
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from a new value J� ¼ J − ΔJ of the angular momentum,
with ΔJ=J ∼ 10−16, being ΔJ the angular momentum
extracted to the Kerr BH by the event in each repetitive
step [12,13].
In this article, we address the study of the UPE phase

utilizing our previous background and being guided by:
(1) the hierarchical structure of the UPE in GRB 190114C
with characteristic spectral signature of a cutoff power-law
and a blackbody component (CPLþ BB); see Ruffni et al.
[27]; (2) the inner engine model which has been already
well tested for the GeV radiation in GRB 130427A [12] and
GRB 190114C [13].
We recall that the electric field in the Papapetrou-

Wald solution in the slow-rotation approximation is given
by [12]:

Er ≈ −
1

2
αB0

r2þ
r2

; ð2Þ

where rþ is the outer event horizon and α≡ cJ=ðGM2Þ is
the dimensionless BH spin parameter.
The profound novelty characterizing the UPE phase is

the assumption of an overcritical field, i.e., jEj ≥ Ec around
the Kerr BH in the inner engine. This overcritical field
generates, via vacuum polarization, an optically thick

PEMB pulse which owing to its high density (here
∼108 g cm−3) and high interior pressure, self-accelerates
to an ultrarelativistic regime and finally reaching the
transparency point [7].
The hydrodynamic equations of the relativistic expand-

ing PEMB pulses are integrated until the point of trans-
parency when the MeV radiation becomes observable. The
radius of transparency and Lorentz factor are explicitly
evaluated. This solution was first addressed in Ruffni [3],
Ruffni et al. [5–7]. This is the fundamental physical process
which is assumed to be at the very ground of the description
of the UPE phase and its spectral properties. Again, the
energy in the overcritical field originates from the rotational
energy of the Kerr BH in the Papapetrou-Wald solution.
An additional necessary step is how to carry out the

matching of the overcritical regime, characterizing the UPE
phase, its MeV radiation, and its intrinsic quantum nature,
with the already analyzed undercritical regime following
the UPE phase. This undercritical regime describes the
GeV radiation and is dominated in the inner engine by a
classical electrodynamics nature with very low density
surrounding plasma.
For the determination of the parameters of the inner

engine, we are guided by the time-resolved spectra analysis
and existence of the hierarchical structure found in the UPE

FIG. 1. Luminosity of the Fermi-GBM in the 10 keV–10 MeV energy band together with the luminosity of Fermi-LAT during and
after UPE phase expressed in the rest-frame of the source. The light grey part shows the νNS–rise from trf ¼ 0.79 s to trf ¼ 1.18 s. The
light blue part shows the UPE phase which is in the time interval trf ¼ 1.9–3.99 s, whose lower and upper edges correspond,
respectively, to the moment of BH formation and to the moment which blackbody component disappears from the GBM data. The
corresponding analysis for GRB 130427A, GRB 160509A and GRB 160625B is presented in [28]. The red part shows the Fermi-GBM
the cavity introduced in Ruffni et al. [29]. The rest-frame 0.1–100 GeV luminosity light-curve of GRB 190114C after UPE phase is best
fitted by a power-law with slope of 1.2� 0.04 and amplitude of 7.75 × 1052 erg s−1
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(c)

(a)

(b)

(d)

FIG. 2. Time-resolved spectral analysis of UPE phase GRB 190114C: from t ¼ 2.7 s (trf ¼ 1.9 s) to t ¼ 5.5 s (trf ¼ 3.9 s). For the
second iteration: (a) the time interval is divided into two parts, four parts for the third iteration; b, eight parts for the fourth iteration; (c)
and sixteen parts for the fifth iteration; (d) respectively. The spectral fitting parameters for each iteration are reported in Table I. Plots are
taken from Ruffni et al. [27] with permission of authors.

(a) (b)

FIG. 3. Luminosity [a] and rest-frame temperature [b] during the UPE observed by Fermi-GBM, obtained from analyses with
Δt ¼ 0.125 s (blue circles), Δt ¼ 0.25 s (black circles) and Δt ¼ 0.5 s (red circles) time resolutions reported in Table I. The luminosity
is best fitted by a power-law of amplitude ð3.5� 1.1Þ × 1053 erg s−1 and power-law index −1.50� 0.30. The best fit of luminosity,
obtained from Δtrf ¼ 0.125 s time-resolved analysis, is in principle independent of the resolution of data analysis and is fulfilled in all
iterative sequences.
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phase [27]. Each successive iteration (rebinning) fulfills the
total energy requirement and spectral structures in different
timescales. We select as the fundamental iterative process
the “only” one which allows the electric field to fulfill at the
end of the UPE phase the constraint jEj ¼ Ec. This
boundary condition determines the value of B0 and is
necessary to join the UPE phase to the classical electro-
dynamics regime, originating the GeV radiation.
Similar to the case of the generation of GeV radiation

from the inner engine, also the emission of the MeV
radiation during the UPE phase is not continuous:

1. eþe−γ plasma, in presence of the baryon load, is
generated by the vacuum polarization close to
horizon with initial bulk Lorentz factor Γ ¼ 1 on
a characteristic timescale of ∼ℏ=ðmec2Þ ≈ 10−21 s,

2. these PEMB pulses self-accelerate all the way to the
point of transparency at which emit MeV radiation
in an ultrarelativistic regime,

3. the process is again repetitive; at the end of each step
the process restarts with a value of electric field
given by Eq. (2), keeping the magnetic field con-
stant, but with a new value of the BH dimensionless
spin parameter α� ¼ α − Δα, with Δα=α ∼ 10−9,
being Δα the amount of dimensionless BH spin
extracted to the Kerr BH by the event in each
repetitive step.

The UPE phase stops in the sequence which allows the
condition jEj ¼ Ec to be reached at the right time.
In Sec. II, we recall three different Episodes identified

in time-resolved spectral analysis of GRB 190114C. We

focus on the spectral analysis of the Fermi-GBM (keV-
MeV) and the Fermi-LAT (GeV) data during and after the
UPE phase; see Fig. 1.
In Sec. III, we present the time-resolved analysis of the

UPE phase as well as the appearance of the hierarchical
structure of its spectra. These results were announced in
Ruffni et al. [27] andhere presented in an improved numerical
analysis, with their theoretical modeling; see Fig. 2.
In Sec. IV, we outline the properties of the inner engine.

This is composed of a uniform magnetic field aligned with
the rotation axis of a Kerr BH, following the exact,
mathematical solution of the Einstein-Maxwell equations
given by Wald [11]. We here apply this solution to the
astrophysical conditions occurring in a BdHN I.
In Sec. V, for trf > 3.99 s, namely after the UPE phase,

following Ruffni et al. [1,12], Rueda and Ruffni [17] and
Moradi et al. [13], we proceed to the self-consistent
determination of (a) the mass and spin of the BH,
(b) the magnetic field B0. These parameters are determined
to fulfill the energetics of GeV radiation and its trans-
parency with respect to the process of pair production by
photon-magnetic field interaction. The mass and spin of
BH at trf ¼ 3.99 s are, respectively, M ¼ 4.45 M⊙ and
α ¼ 0.41, and magnetic field is B0 ∼ 1010 G.
In Sec. VI, we determine the mass and spin of BH at

trf ¼ 1.9 s, M ¼ 4.53 M⊙ and α ¼ 0.54. This result is
consistent with the luminosity obtained from the time-
resolved spectral analysis, during the UPE phase, and the
above values of the mass and spin for trf > 3.99 s given in
Sec. V; see Figs. 3 and 4.
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FIG. 4. The decrease of the BH spin and mass, as a function of rest-frame time for GRB 190114C during the UPE phase, namely in the
rest-frame time interval trf ¼ 1.9–3.99 s. The values of spin and mass at the moment when BH formed are, respectively,M ¼ 4.53 M⊙
and α ¼ 0.54. At the moment when the UPE is over, i.e., at trf ¼ 3.99 s, are: α ¼ 0.41 and M ¼ 4.45 M⊙.
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In Sec. VII, we address the overcritical regime, jEj ≥ Ec,
in order to have the vacuum polarization via Schwinger
eþe− pair production [see discussion in [30]], in the UPE
phase; see also Ruffni [3], Ruffni et al. [5–7].
In Sec. VIII, we assess the general formulation of the

transparency of the MeV photons during the UPE phase.
In Sec. IX, we determine the magnetic field, B0 ∼

1017 G, inferred from the time-resolved spectral analysis
with Δt ¼ 0.125 s resolution, represented in Sec. III,
corresponding to the emission at the transparency point
of the 16 PEMB pulses with the repetition time of

τ ¼ 0.125 s. This sequence does not fulfill the boundary
condition of the UPE phase i.e., jEj ¼ Ec at trf ¼ 3.99 s;
see Fig. 5.
In Sec. X, we obtain the lower limit of magnetic filed

around the BH, B0 ¼ 2.3 × 1014 G, during the UPE phase
by imposing jEj ¼ Ec at trf ¼ 3.99 s, marking the end of
UPE phase. We infer that the UPE phase results from
emission at the transparency point of the ∼109 PEMB
pulses, with radiation timescale of τq ∼ 10−9 s; see Fig. 6.
In Sec. XI, we make a comparison with other approaches
In Sec. XII, we outline the conclusions of this article.

(a)

2.0 2.5 3.0 3.5 4.0

800

850

900

950

1000

1050

t (s)

E
/E

c
du

rin
g

U
P

E

(b)

2.0 2.5 3.0 3.5 4.0
1.5

2.0

2.5

3.0

t (s)

E
d

x
10

51
(e

rg
)

(c)

2.0 2.5 3.0 3.5 4.0

3.7

3.8

3.9

4.0

4.1

4.2

4.3

4.4

t (s)

d
x1

07
(c

m
)

(d)

2.0 2.5 3.0 3.5 4.0
0.00

0.05

0.10

0.15

0.20

0.25

t (s)

T
im

e-
sc

al
e

du
rin

g
U

P
E

(s
)

(e) (f)

FIG. 5. The parameters of inner engine and transparency condition as a function of rest-frame time for GRB 190114C during the UPE
phase, namely in the rest-frame time interval trf ¼ 1.9–3.99 s, obtained from a time-resolved analysis down to a Δt ¼ 0.125 s time
resolution reported in Table I. (a): The electric field during UPE phase which is clearly overcritical. (b): The energy of dyadoregion
during the UPE phase obtained from Eq. (20). (c): The width of dyadoregion obtained from Eq. (23). (d): Timescale of radiation during
the UPE phase. (e): The decrease of the Lorentz gamma factor, Γ, as a function of rest-frame time. (f): The evolution of transparency
radius in the UPE phase of GRB 190114C. All values are obtained for magnetic field of, B0 ¼ 1.8 × 1017 G, calculated in Sec. IX.
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II. FERMI DATA OF GRB 190114C

At 20∶57∶02.63 UT on 14 January 2019, Fermi-GBM
was triggered by GRB 190114C [31]. The Fermi-LAT
had a boresight angle of 68 degrees at the trigger time, the
GRB remained in the field of view of Fermi-LAT for 150 s.
With the redshift of z ¼ 0.424 [32] the isotropic energy of
this burst is Eiso ¼ ð2.48� 0.22Þ × 1053 erg. Since BdHNe
I are characterized by Eiso ≳ 1052 erg, we have identified
GRB 190114C as a BdHN I and predict the occurrence of

an associated SN [33]. This prediction was followed by the
successful observation of the SN associated with this burst
[34]. The first GeV photon with probability more than 90%
belonging to this GRB is a ∼0.9 GeV photon observed at
trf ¼ 1.9 s after the GBM trigger. The highest-energy
photon is a 22.9 GeV event which is observed 15 s after
the GBM trigger [35]. GRB 190114C has become since a
prototype for identifying the BdHN I episodes.
Three different episodes have been identified in the

Fermi-GBM data; see Fig. 1:
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FIG. 6. The parameters of inner engine and transparency point, obtained for B0 ¼ 2.3 × 1014 G, as a function of rest-frame time for
GRB 190114C during the UPE phase, namely in the rest-frame time interval trf ¼ 1.9–3.99 s. (a): The electric field during the UPE
phase which is clearly overcritical and reaches its critical value at the end of the UPE phase (trf ¼ 3.99 s). (b): The energy of
dyadoregion during the UPE phase obtained from Eq. (20). (c): The width of dyadoregion obtained from Eq. (23) which tends to zero at
the end of UPE phase, indicating that the number of eþe− pairs are suppressed and the UPE phase is over. (d): Repetition timescale of the
inner engine during the UPE phase obtained from Eq. (44). (e): The decrease of the Lorentz factor, Γ, as a function of rest-frame time.
This indicates the fact that Γ tends to unity for the last layers which confirms the end of UPE is reached. (f): The evolution of
transparency radius; see Sec. X.
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Episode 1 with an isotropic energy of Eiso ¼ ð1.0�
0.12Þ × 1053 erg, occurs in the rest-frame time interval
trf ¼ ½0; 1.9� s, being trf ¼ 0 s the Fermi-GBM rest-frame
trigger time. It reveals a thermal component from trf ¼
0.79 s to trf ¼ 1.18 s, in its spectral analysis, marking the
rise of newly born NS (νNS–rise) with a corresponding
isotropic energy of Eiso

νNS ¼ ð2.82� 0.13Þ × 1052 erg.
Episode 2, with an isotropic energy of Eiso ¼ ð1.47�

0.2Þ × 1053 erg, equivalent to 40% of isotropic energy
of the GRB, lasts only 2 s. It occurs in the rest-frame
time interval trf ¼ ½1.9; 3.99� s. It encompasses three major
events: (a) The formation of the BH, observation of the first
GeV photon at trf ¼ 1.9 s, see details in Ruffni et al. [12].
(b) An increase of the 0.1–100 GeV luminosity follow-
ing a power-law of LGeV ¼ 8.7 × 1050 tþð1.77�0.28Þ erg s−1.
(c) The energetically dominant UPE phase observed by
Fermi-GBM in the 10 keV–10 MeV band, occurring in the
entire interval trf ¼ 1.9 s–3.99 s fulfilling a hierarchical
structure signed by a spectrum composed of a thermal
emission and a cutoff power-law component (CPLþ BB);
see Sec. III.
Episode 3, the “cavity”, starts at trf ¼ 11 s and ends at

trf ¼ 20 s. The presence of a “cavity” in GRB 190114C,
carved out in the SN ejecta by the BH formation, has been
confirmed in Ruffni et al. [29].
The GeV luminosity following the UPE phase is best

fitted by the decreasing power-law of LGeV ¼ ð7.75�
0.44Þ × 1052 t−ð1.2�0.04Þ erg s−1, with an isotropic energy
of EGeV ¼ ð1.8� 1.3Þ × 1053 erg. The spectrum of Fermi-
LAT in the 0.1–100 GeVenergy band, after the UPE phase,
is best fitted by a power-law [36]; see Fig. 1 and Moradi
et al. [13] for more details.
All these results have been presented in Ruffni et al. [27],

Ruffni et al. [29], Ruffni et al. [12] and Moradi et al. [13].

III. THE TIME-RESOLVED SPECTRALANALYSIS,
THE HIERARCHICAL STRUCTURE, AND THE

MEV LUMINOSITY OF THE UPE PHASE

Following the spectral analysis performed over the UPE
phase from trf ¼ 1.9 s to trf ¼ 3.9 s (first iteration), we
perform the spectral analysis over the 1 second intervals
(Δtrf ¼ 1 s), namely [1.9s–2.9s] and [2.9s–3.9s](second
iteration).
Each half intervals are further divided in half (third

iteration), i.e., Δtrf ¼ 0.5 s: [1.9s–2.40s], [2.40s–2.9s],
[2.9s–3.4s], and [3.4s–3.9s] and the corresponding spectral
analysis is performed over each interval.

We further divide the UPE into 8 intervals of Δtrf ¼
0.25 s (fourth iteration): [1.9s–2.15s], [2.15s–2.40s],
[2.40s–2.65s], [2.65s–2.9s], [2.9s–3.15s], [3.15s–3.4s],
[3.4s–3.65s], and [3.65s–3.9s], and perform the same
spectral analysis over each interval.
We continue until the final iteration (fifth iteration),

where the adequate signal-to-noise ratio S/N is fulfilled.
The UPE is divided into 16 time intervals of Δtrf ¼
0.125 s: [1.896s–2.019s], [2.019s–2.142s], [2.142s–
2.265s], [2.265s–2.388s], [2.388s–2.511s], [2.511s–
2.633s], [2.633s–2.756s], [2.756s–2.87s], [2.879s–
3.002s], [3.002s–3.125s], [3.125s–3.248s], [3.248s–
3.371s], [3.371s–3.494s], [3.494s–3.617s], [3.617s–
3.739s], and [3.739s–3.862s] and perform the spectral
analysis. After dividing into subintervals of 0.125 s one
extra time interval of [3.862s–3.985s] has been added.
The spectral fitting of a cutoff power law plus black body

(CPLþ BB) is confirmed in each time interval and for each
iterative process; see Table I, Fig. 2, Ruffni et al. [[27] for
more details].
From a time-resolved analysis of the UPE phase, per-

formed down to the fifth iteration, a hierarchical structure is
obtained. It reveals a common spectral feature for each
subinterval characterized by the CPLþ BB best-fit model
with a rest-frame temperature of kT ¼ 100–300 keV and
the ratio of blackbody flux (FBB) to the total flux (Ftot) of:

0.1≲ FBB

Ftot
≲ 0.5: ð3Þ

see Table I, Fig. 2 and Ruffni et al. [[27] for more
information]
During the UPE phase the MeV luminosity is best

fitted by

LMeV ¼ AMeVt−αMeV ; ð4Þ

with slope αMeV ¼ 1.5� 0.3, and amplitude AMeV ¼
ð3.5� 1.1Þ × 1053 erg s−1. This best fit is obtained from
Δtrf ¼ 0.125 s time-resolved analysis and is fulfilled in all
iterative sequences; see Table I and Figs. 1 and 3.
The existence of the thermal and the cutoff power-

law components in the spectra of the UPE phase have
been identified as the characteristic signature of eþe− pair
creation in presence of baryons (PEMB pulse) origina-
ting from the vacuum polarization process [5–7,39]; see
Sec. VII.
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IV. THE PROPERTIES OF INNER ENGINE

The discovery of the inner engine obtained by incorpo-
rating the Papapetrou-Wald solution [10–13,17], around
the newborn Kerr BH in the BdHNe I, in presence of the
low density plasma of the cavity, see [29], was operative in
the classical electrodynamics with jEj < Ec process and

leading to the generation by synchrotron radiation of the
GeV emission in GRB 130427A and GRB190114C. We
also apply here this inner engine in the jEj > Ec regime to
describe the quantum electrodynamics process.
Wald’s work is based on the Papapetrou discovery [10]

that Killing vectors are vector potential solutions of

TABLE I. The parameters of the time-resolved spectral fits of the UPE phase of GRB 190114C, performed from Δtrf ¼ 2 s down to
subintervals of Δtrf ¼ 0.125 s. The UPE phase extends from t ¼ 2.7 s (trf ¼ 1.9 s) to t ¼ 5.5 s (trf ¼ 3.99 s). Column 1; represents the
time intervals in the observer’s frame (Obs), column 2; the time intervals in the rest-frame (rf), column 3; the statistical significance (S)
for each time interval, column 4; the power-law index of the cutoff power-law (CPL) component, column 5; the rest-frame cut-off
energy, column 6; the rest-frame black body (BB) temperature, column 7; the Akaike Information Criterion/Bayesian Information
Criterion (AIC/BIC), column 8; the BB flux (FBB), column 9; the CPLþ BB or total flux (Ftot), column 10; the ratio of the BB flux to
the total flux, FBB=Ftot and, finally column 11; the isotropic energy in each time interval. As it can be seen from column 10, the FBB=Ftot
remains almost constant in each iteration. The AIC (Akaike [37]) and the BIC (Schwarz et al. [38]) methods were used to select non-
nested and nested models, respectively [see [18–23], for more information about these methods]. Table is taken from Ruffni et al. [27]
with permission of authors.

t1 ∼ t2 trf;1 ∼ trf;2 S α Ec kT ΔDIC FBB Ftot Fratio Etot

(s) (s) (keV) (keV) (10−6) (10−6) (erg)
Obs Rest-frame (erg cm−2 s−1) (erg cm−2 s−1)

2.700 ∼ 5.500 1.896 ∼ 3.862 418.62 −0.71þ0.02
−0.02 717.6þ25.4

−25.4 159.0þ3.6
−3.6 −3344=6697=6719 22.49þ3.21

−2.65 111.10þ11.60
−10.40 0.20 1.50eþ 53

2.700 ∼ 4.100 1.896 ∼ 2.879 296.60 −0.51þ0.02
−0.02 696.6þ31.9

−32.4 209.7þ9.3
−9.1 −2675=5360=5381 24.67þ6.93

−5.35 142.50þ23.90
−21.00 0.17 9.64eþ 52

4.100 ∼ 5.500 2.879 ∼ 3.862 318.07 −0.90þ0.02
−0.02 639.3þ31.9

−31.6 130.6þ2.5
−2.5 −2529=5069=5090 25.55þ2.97

−2.75 80.98þ9.68
−8.07 0.32 5.48eþ 52

2.700 ∼ 3.400 1.896 ∼ 2.388 204.30 −0.59þ0.03
−0.03 724.7þ44.5

−45.5 220.0þ17.1
−17.2 −1882=3774=3796 18.55þ9.42

−7.40 123.90þ29.20
−22.30 0.15 4.19eþ 52

3.400 ∼ 4.100 2.388 ∼ 2.879 225.88 −0.46þ0.04
−0.04 699.8þ47.8

−48.3 196.7þ8.9
−8.7 −2032=4074=4095 31.78þ9.60

−7.31 161.40þ47.10
−32.40 0.20 5.46eþ 52

4.100 ∼ 4.800 2.879 ∼ 3.371 233.97 −0.84þ0.03
−0.03 608.1þ42.1

−42.2 130.4þ3.7
−3.9 −1880=3770=3792 23.94þ4.20

−4.22 85.37þ14.83
−12.27 0.28 2.89eþ 52

4.800 ∼ 5.500 3.371 ∼ 3.862 227.90 −0.96þ0.03
−0.03 679.5þ49.1

−48.7 130.6þ3.1
−3.2 −1809=3628=3649 27.18þ4.01

−3.73 78.20þ11.40
−9.66 0.35 2.65eþ 52

2.700 ∼ 3.050 1.896 ∼ 2.142 148.59 −0.59þ0.03
−0.03 547.7þ44.2

−44.9 240.8þ29.2
−29.1 −1187=2384=2406 19.67þ17.96

−8.88 103.20þ30.60
−20.28 0.19 1.75eþ 52

3.050 ∼ 3.400 2.142 ∼ 2.388 145.04 −0.60þ0.02
−0.02 965.2þ28.5

−30.1 203.5þ14.8
−14.8 −1320=2650=2671 22.87þ8.88

−7.23 152.00þ24.00
−21.00 0.15 2.57eþ 52

3.400 ∼ 3.750 2.388 ∼ 2.633 134.60 −0.63þ0.04
−0.04 885.7þ70.9

−70.1 240.6þ10.5
−10.6 −1224=2458=2480 41.02þ11.09

−7.91 129.10þ32.40
−23.40 0.32 2.18eþ 52

3.750 ∼ 4.100 2.633 ∼ 2.879 187.77 −0.35þ0.06
−0.05 607.8þ57.1

−60.1 151.5þ12.4
−14.2 −1428=2866=2887 23.92þ12.46

−10.40 192.00þ101.70
−60.30 0.12 3.25eþ 52

4.100 ∼ 4.450 2.879 ∼ 3.125 171.81 −0.69þ0.04
−0.04 515.9þ43.6

−43.6 117.3þ5.0
−5.0 −1271=2552=2573 19.19þ4.89

−4.40 92.71þ27.69
−22.43 0.21 1.57eþ 52

4.450 ∼ 4.800 3.125 ∼ 3.371 230.14 −0.98þ0.04
−0.04 702.0þ78.1

−78.2 141.3þ5.8
−5.8 −1254=2518=2539 26.76þ6.41

−5.47 80.73þ17.95
−14.95 0.33 1.37eþ 52

4.800 ∼ 5.150 3.371 ∼ 3.617 166.30 −0.97þ0.04
−0.04 685.1þ69.4

−68.6 140.8þ4.6
−4.6 −1218=2447=2468 31.83þ6.85

−4.98 82.51þ15.62
−12.33 0.39 1.40eþ 52

5.150 ∼ 5.500 3.617 ∼ 3.862 161.51 −0.95þ0.04
−0.04 692.2þ79.1

−77.7 120.0þ4.0
−4.0 −1203=2416=2438 23.19þ5.38

−3.81 73.57þ18.69
−12.93 0.32 1.24eþ 52

2.700 ∼ 2.875 1.896 ∼ 2.019 117.09 −0.58þ0.05
−0.05 470.5þ74.4

−83.7 261.5þ29.0
−27.9 −640=1291=1311 33.68þ20.39

−14.33 112.30þ28.37
−25.73 0.30 9.50eþ 51

2.875 ∼ 3.050 2.019 ∼ 2.142 94.40 −0.68þ0.04
−0.05 627.6þ87.0

−91.5 258.0þ30.1
−28.7 −664=1337=1359 28.45þ20.42

−12.51 98.14þ33.56
−26.44 0.29 8.30eþ 51

3.050 ∼ 3.225 2.142 ∼ 2.265 106.62 −0.59þ0.03
−0.03 957.1þ34.1

−34.9 245.3þ21.5
−21.0 −768=1547=1568 25.71þ13.87

−9.03 169.30þ38.20
−31.60 0.15 1.43eþ 52

3.225 ∼ 3.400 2.265 ∼ 2.388 100.40 −0.73þ0.06
−0.06 1275.9þ208.9

−215.4 208.6þ9.1
−9.2 −669=1349=1369 36.78þ9.54

−8.93 144.90þ33.02
−27.63 0.25 1.23eþ 52

3.400 ∼ 3.575 2.388 ∼ 2.511 98.23 −0.59þ0.05
−0.05 804.0þ86.7

−82.3 255.9þ17.4
−17.4 −702=1414=1436 42.19þ19.41

−13.59 139.30þ48.30
−35.60 0.30 1.18eþ 52

3.575 ∼ 3.750 2.511 ∼ 2.633 93.84 −0.65þ0.04
−0.04 916.3þ64.6

−67.7 229.3þ13.6
−13.5 −730=1471=1492 39.25þ11.97

−10.71 119.50þ32.90
−25.45 0.33 1.01eþ 52

3.750 ∼ 3.925 2.633 ∼ 2.756 126.63 −0.51þ0.02
−0.02 960.9þ30.9

−31.4 204.6þ9.9
−10.0 −808=1627=1648 57.70þ15.81

−12.25 221.10þ35.60
−31.50 0.26 1.87eþ 52

3.925 ∼ 4.100 2.756 ∼ 2.879 141.61 −0.27þ0.06
−0.06 412.7þ12.2

−11.9 196.8þ14.0
−16.1 −729=1468=1488 32.20þ19.05

−18.86 176.50þ12.91
−11.21 0.18 1.49eþ 52

4.100 ∼ 4.275 2.879 ∼ 3.002 122.91 −0.54þ0.06
−0.06 474.1þ45.5

−46.2 162.6þ14.9
−14.8 −758=1526=1547 24.26þ17.09

−10.09 116.10þ52.40
−35.12 0.21 9.82eþ 51

4.275 ∼ 4.450 3.002 ∼ 3.125 122.62 −0.64þ0.08
−0.08 365.0þ44.9

−48.5 107.5þ15.7
−12.6 −675=1360=1380 9.04þ9.47

−5.69 72.20þ19.06
−14.95 0.13 6.11eþ 51

4.450 ∼ 4.625 3.125 ∼ 3.248 111.94 −1.04þ0.05
−0.05 640.0þ108.7

−106.1 161.0þ11.1
−10.8 −640=1290=1310 22.34þ9.36

−6.65 68.54þ11.70
−11.21 0.33 5.80eþ 51

4.625 ∼ 4.800 3.248 ∼ 3.371 123.33 −0.95þ0.05
−0.05 694.2þ96.8

−94.2 146.3þ6.7
−6.6 −734=1477=1499 35.59þ9.47

−8.00 89.91þ27.59
−18.82 0.40 7.60eþ 51

4.800 ∼ 4.975 3.371 ∼ 3.494 129.65 −0.85þ0.05
−0.05 564.5þ68.9

−71.9 135.3þ7.5
−7.6 −744=1498=1519 30.78þ11.12

−8.55 96.58þ31.02
−23.68 0.32 8.17eþ 51

4.975 ∼ 5.150 3.494 ∼ 3.617 107.36 −1.10þ0.04
−0.04 820.5þ115.0

−111.2 149.7þ5.9
−5.8 −683=1376=1398 32.76þ6.98

−5.92 71.57þ16.74
−11.99 0.46 6.05eþ 51

5.150 ∼ 5.325 3.617 ∼ 3.739 108.96 −1.04þ0.05
−0.05 765.2þ119.0

−115.8 130.9þ5.8
−5.8 −697=1404=1426 26.14þ7.02

−5.96 66.70þ20.48
−14.17 0.39 5.64eþ 51

5.325 ∼ 5.500 3.739 ∼ 3.862 121.57 −0.88þ0.06
−0.06 635.3þ88.7

−92.0 108.9þ5.3
−5.4 −736=1483=1504 20.90þ6.51

−5.15 79.48þ28.02
−21.03 0.26 6.72eþ 51
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sourceless Maxwell equations in vacuum spacetimes in
the test field approximation (i.e., no metric backreaction).
A linear combination of these two Killing vector solutions
led Wald to the solution for a rotating BH immersed in a
uniform magnetic field B0, aligned with the rotation axis of
the Kerr BH at infinity.
The electromagnetic field of the inner engine in the

Carter’s orthonormal tetrad is

Er̂ ¼
âB0

Σ

�
rsin2θ −

M̂ðcos2θ þ 1Þðr2 − â2cos2θÞ
Σ

�
; ð5Þ

Eθ̂ ¼
âB0

Σ
sin θ cos θ

ffiffiffiffi
Δ

p
; ð6Þ

Br̂ ¼ −
B0 cos θ

Σ

�
−
2â2M̂rðcos2θ þ 1Þ

Σ
þ â2 þ r2

�
; ð7Þ

Bθ̂ ¼
B0r
Σ

sin θ
ffiffiffiffi
Δ

p
; ð8Þ

where Σ ¼ r2 þ â2cos2θ, Δ ¼ r2 − 2M̂rþ â2, M̂ ¼
GM=c2, â ¼ a=c ¼ J=ðMcÞ, being M and J the mass
and angular momentum of the Kerr BH. The (outer) event

horizon is located at rþ ¼ ðM̂ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M̂2 − â2

p
Þ.

The electromagnetic field in the polar direction
θ ¼ 0 and at small angles from it is well approximated
by [12,17]:

Er̂ ¼ −
2B0JG
c3

ðr2 − â2Þ
ðr2 þ â2Þ2 ð9Þ

Eθ̂ ¼ 0 ð10Þ

Br̂ ¼
B0ð− 4GJ2r

Mðr2þâ2Þ þ a2 þ r2Þ
ðr2 þ â2Þ ð11Þ

Bθ̂ ¼ 0: ð12Þ

Equation (9) is the same as the radial electric field of
the Kerr-Newman metric in the same tetrad just substi-
tuting to the charge Q of the Kerr-Newman solution the
effective charge Qeff , given by Eq. (1), see, e.g., [40].
Therefore, up to linear order in θ and in the dimensionless
BH spin parameter α≡ â=ðGM=c2Þ, the electric field can
be written as

Er̂ ¼ −
2B0JG
c3

ðr2 − â2Þ
ðr2 þ â2Þ2 ≈ −

1

2
αB0

r2þ
r2

; ð13Þ

which for spin values α≲ 0.7, the available electrostatic
energy is well approximated by

E ≈
ð2B0JG=c3Þ2

2rþ
¼ Q2

eff

2rþ
¼ 1.25 × 1043

β2α2μ3

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2

p erg;

ð14Þ

where we have normalized the mass and magnetic field
strength by, respectively, μ ¼ M=M⊙ and β ¼ B0=Bc,
being

Bc ¼ Ec ¼
m2

ec3

eℏ
≈ 4.41 × 1013 G; ð15Þ

the critical field for vacuum polarization; see Ruffni et al.
[12] for more details.
The values μ and β in this general equations will be

determined as a function of astrophysical process operative
in the inner engine in GRB 190114C. The corresponding
description of the overcritical and the undercritical fields
are represented in the next sections.
We adopt that the magnetic field and BH spin are

parallel, therefore along the symmetry axis direction
electrons in the surrounding ionized medium are repelled,
while protons are pulled into the BH [see [12] for additional
details].

V. THE MASS AND SPIN OF THE BH
OF GRB 190114C

We here recall the self-consistent solution following the
UPE phase, well tested in the case of GRB 130427A [12]
and GRB 190114C [13] which fulfills three conditions:
(1) The GeVenergetics observed by the Fermi-LAT is paid
by the extractable energy of the BH, i.e.: EGeV ¼ Eextr.
(2) The magnetic eþe− pair production (MPP) process does
not occur around the BH, therefore the GeV photons fulfill
the transparency condition. (3) The timescale of the
synchrotron radiation determines the timescale of observed
GeV radiation.
Having these conditions, and assuming the minimum

energy budget requirement;, the inner engine parameters at
t > trf ¼ 3.99 s, i.e., after the UPE phase, are: magnetic
field strength B0 ≈ 3.9 × 1010 G, spin and BH mass,
respectively, α ¼ 0.41 andM ¼ 4.45 M⊙. The correspond-
ing BH irreducible mass is Mirr ¼ 4.35 M⊙ see Moradi
et al. [13] for more details.

VI. DETERMINATION OF THE MASS AND SPIN
OF THE BH DURING THE UPE PHASE

We have obtained in the previous section at trf ¼ 3.99 s
the values of mass and spin parameters of the BH and
the magnetic field: M ¼ 4.45 M⊙, α ¼ 0.41, and B0 ¼
3.9 × 1010 G, respectively. We now turn to the determi-
nation of the mass and spin of the BH during the UPE
phase. The mass-energy formula of the Kerr BH ([41–43];
see also ch. 33 in [44]) is given by:
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M2 ¼ c2J2

4G2M2
irr

þM2
irr: ð16Þ

We require that the energetics of the MeV radiation be
explained by the extractable rotational energy of the Kerr
BH, i.e.,

EMeV ¼ Eextr ¼ ðM −MirrÞc2: ð17Þ

Therefore, the extractable energy is given by:

Eextr ¼ ðM −MirrÞc2 ¼
 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2

p

2

s !
Mc2: ð18Þ

The time derivative of Eq. (18) gives the luminosity

LMeV ¼ −
dEextr

dt
¼ −

dM
dt

; ð19Þ

in which we assume thatMirr is constant for BH during the
energy emission process.
From the luminosity of MeV radiation expressed in the

rest-frame of the GRB, given by Eq. (4) in the time interval
of the UPE phase (see also Fig. 3), and from the values of
the spin and of the mass of the BH at trf ¼ 3.99 s, we can
now work backward by integrating Eq. (19) and determine
the BH mass and spin at the beginning of the UPE, when
the BH is formed, namely at trf ¼ 1.9 s. We obtain M ¼
4.53 M⊙ and α ¼ 0.54, respectively.
This assumption demands that all the luminosity of UPE

phase originates from the rotational energy of the BH. This
point is going to be justified in the next sections.

VII. VACUUM POLARIZATION,
DYADOREGION AND THE UPE PHASE

The UPE phase is characterized by an electric field jEj >
Ec [7,26]. The problem of vacuum polarization due to the
overcritical field has a vast literature which dates back to
the concept of the dyadosphere [3] and dyadotorous in the
Kerr-Newman geometry, developed in Cherubini et al.
[30]. Dyado is from the Greek word “duados” for pair,
indicating here the eþe− pairs. The dyadotorus is the region
where the vacuum polarization processes occur around a
rotating charged BH, leading to the production of eþe−
pairs; see also [7] for details.
In order to evaluate this process in the present case, we

adopt a description using the Kerr-Newman geometry for
which an analytic formula for the energy contained in the
dyadoregion has been derived in Cherubini et al. [30].
We have checked numerically that the energy of the
dyadoregion in the Kerr-Newman geometry (see Eq. (20)
below), setting the BH charge as the effective charge of
the Papapetrou-Wald solution, 2B0JG=c3, is a good appro-
ximation of the one estimated numerically with the

Papapetrou-Wald solution. We have verified that the
quantitative difference is at most 30%, which implies that
this approximation does not affect our conclusions.
We can now evaluate the energy of eþe− pairs generated

in the Papapetrou-Wald solution using the Kerr-Newman
analogy. We use the Carter orthonormal frame, in which
the flat spacetime Schwinger framework can be locally
applied and determine the dyadoregion energy [see dis-
cussion in [30]]:

Eðrþ;rdÞ ¼
ð2B0JG=c3Þ2

4rþ

�
1 −

rþ
rd

�
þ ð2B0JG=c3Þ2

4â

×

��
1þ â2

r2þ

�
arctan

�
â
rþ

�

−
�
1þ â2

r2d

�
arctan

�
â
rd

��
; ð20Þ

where rd is the radius of the dyadoregion

�
rd
M̂

�
2

¼ 1

2

λ

μϵ
− α2 þ

�
1

4

λ2

μ2ϵ2
− 2

λ

μϵ
α2
�

1=2

ð21Þ

with ϵ ¼ EcM⊙G3=2=c4 ≈ 1.873 × 10−6, and

λ ¼ 2B0JG=c3ffiffiffiffi
G

p
M

¼ Qeffffiffiffiffi
G

p
M

; ð22Þ

is the effective charge-to-mass ratio.
The characteristic width of the dyadoregion, i.e., the

region around the BH where the electric field overcritical is

ΔdðtÞ ¼ rdðtÞ − rþðtÞ: ð23Þ

VIII. TRANSPARENCY CONDITION
IN THE UPE PHASE

The existence of overcritical fields in the UPE phase and
the consequent production of an eþe−γ plasma, have been
addressed in Sec. VII.
In presence of an overcritical electric field around the

BH, a sequence of events occur:
(1) An optically thick eþe−γ plasma of total energy

Etot
eþe− ¼ Eγ;iso endowed with baryon load with a

mass of MB. The self-acceleration and expansion of
such PEMB pulses has been described in Ruffni
et al. [5]. The dynamics of the PEMB pulses due to
the effect of baryonic matter (the remnant of the
collapsed object) has been considered in [6]. The
thermalization of the pair plasma is achieved almost
instantaneously (∼10−13 s) and expands due to its
self-acceleration up to ultrarelativistic velocities
(Γ ∼ 100 in the case of long GRBs; [45,46]).

NATURE OF THE ULTRARELATIVISTIC PROMPT EMISSION … PHYS. REV. D 104, 063043 (2021)

063043-11



(2) The transparency of the eþe−γ plasma. When the
PEMB pulses expand with ultrarelativistic velocities,
the eþe−γ plasma becomes optically thin, a thermal
radiation that has been called the Proper-GRB
(P-GRB) is emitted [5,6]. The P-GRB is characterized
by the observed thermal component; see Sec. II and
Sec. III. The dynamics of the expanding plasma from
the vicinity of the BH up to the transparency point is
described by the plasma energy, Etot

eþe− and the baryon
load parameter, B ¼ MBc2=Etot

eþe− [5,6].
The total P-GRB energy in the comoving frame of each

impulsive process is

Ecom
P-GRB ¼

Z
aT4

comdVcom;

¼ aT4
comVcom ð24Þ

where a is radiation constant, Tcom is the P-GRB temper-
ature in the comoving frame and Vcom is the volume of the
PEMB pulses in the comoving frame.
Dividing Eq. (24) by the Doppler factor Γð1 − v=cÞ at

transparency, i.e., when the P-GRB is emitted, being Γ and
v the Lorentz factor and speed of the PEMB pulses, and
assuming head-on emission; namely cosϑ ¼ 1 one can
obtain:

Ecom
P-GRB

Γð1 − v=cÞ ¼
aT4

com

Γð1 − v=cÞVcom; ð25Þ

where we have assumed head-on emission and therefore
fixed cos ϑ ¼ 1 in the Doppler factor.
Since:

Tobs ¼
Tcom

Γð1 − v=cÞ ;

Eobs ¼ Ecom

Γð1 − v=cÞ ;

V lab ¼
Vcom

Γ
; ð26Þ

we have that:

Eobs
P−GRB ¼ aT4

obsΓ3ð1 − v=cÞ3ΓV lab

¼ aT4
obsΓ4ð1 − v=cÞ34πR2Δlab; ð27Þ

where we have used the fact that V lab ¼ 4πR2Δlab, where
Δlab is the thickness of the PEMB pulses, and a ¼ 4σ=c,
being σ the Stefan-Boltzmann constant.
Moreover, we know from the condition of transparency

τ ¼ σTðneþe− þ Z̄nBÞΔlab ≈ σTðZ̄nBÞΔlab;

¼ σT
Z̄MB

mN4πR2Δlab
Δlab ¼ 1; ð28Þ

where σT is the Thomson cross section, Z̄ is the average
atomic number of baryons (Z̄ ¼ 1 for Hydrogen atom
and Z̄ ¼ 1=2 for general baryonic matter), mN is nucleon
mass and MB is the baryon mass. Since the value of
number density of eþe− can only be obtained numerically,
for simplicity we assume here neþe− ≪ nB and we have
numerically checked that this assumption is indeed valid
for the values of B considered here; namely B ¼
10−3–10−2. In addition, we assume the constant slab
approximation with a constant width Δlab in the laboratory
frame following Ruffni et al. [5,6].
Therefore, the lower bound of the transparency radius is

Rtr ¼
�
σT
8π

MB

mN

�
1=2

: ð29Þ

By substituting Eq. (29) in Eq. (27), and dividing it by Eiso,
one obtains:

Eobs
P−GRB
Eiso

¼ 1

2
aT4

obsΓ4ð1 − v=cÞ3σT
B

mNc2
Δlab; ð30Þ

where we used the fact that, by definition, B≡MBc2=Eiso.
Using the fact that:

1 − v=c ¼ 1

ð1þ v=cÞΓ2
≃

1

2Γ2
; ð31Þ

where we assumed v=c ∼ 1, that is certainly accurate at the
transparency of the PEMB pulses, we have that:

Eobs
P−GRB
Eiso

¼ aT4
obs

16Γ2
σT

B
mNc2

Δlab: ð32Þ

From the total energy conservation we have that:

Eiso ¼ Eobs
P−GRB þ EKinetic; ð33Þ

therefore

1 ¼ Eobs
P−GRB
Eiso

þ EKinetic

Eiso
ð34Þ

where EKinetic is the kinetic energy of the baryonic PEMB
pulses:

EKinetic ¼ ðΓ − 1ÞMBc2: ð35Þ

By substituting Eq. (35) in Eq. (34) we have

B ¼ 1

Γ − 1

�
1 −

Eobs
P−GRB
Eiso

�
; ð36Þ

or, equivalently:
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Γ ¼ 1þ B−1
�
1 −

Eobs
P−GRB
Eiso

�
: ð37Þ

The radius of transparency, Rtr, is given by Eq. (29) in this
theoretical approach:

Rtr ¼
�
σT
8π

BEiso

mNc2

�
1=2

: ð38Þ

In general, from Eqs. (32) and (36), the values of B and Γ
can be estimated by the values of Eobs

P−GRB=Eiso, Tobs and
Δlab. Also, having Eiso and B, we can obtain the trans-
parency radius from Eq. (38).

IX. THE MAGNETIC FIELD INFERRED
FROM THE Δt= 0.125 s TIME RESOLVED

SPECTRAL ANALYSIS

As a specific example, we calculate the magnetic field
and transparency parameters for the Δtrf ¼ 0.125 s time
resolved interval, namely the fifth iteration analysis
reported in Sec. III. Therefore, the UPE phase is assumed
to be composed of 16 expanding PEMB pulses emitting an
average isotropic energy of Eiso ∼ 1052 erg, with radiation
timescale of τq ¼ 0.125 s, as reported in Table I.
Therefore, from (1) the ratio EP−GRB=Eiso ¼ 0.3, and

(2) EP−GRB ¼ Eðrþ;rdÞ, the electromagnetic energy stored
in each expanding PEMB pulse should be Eðrþ;rdÞ ¼
0.3 × Eiso. Consequently, from Eq. (20) and the value of
mass and spin parameter of theBH, themagnetic field needed
to fulfill this energetic is B0 ¼ 1.85 × 1017 G. The Lorentz
factor, Γ ∼ 1000, the baryon load, B ∼ 2 × 10−3, and the
radius of transparency, Rtr ∼ 1013 cm, are obtained using:

(i) the isotropic energy of each time interval, Eiso ∼
1052 erg;

(ii) the ratio of black body energy to isotropic en-
ergy Eobs

P−GRB=Eiso ∼ 0.3;
(iii) the value of black body temperature in keV reported

in Table I;
(iv) the width of the dyadoregion at decoupling, Δlab ¼

Δd obtained from Eq. (23) for magnetic field of
B0 ¼ 1.85 × 1017 G.

The results are shown in Fig. 5. It is appropriate to notice
that the magnetic field ofB0 ¼ 1.85× 1017 G, obtained from
theΔtrf ¼ 0.125 s time-resolved analysis, does not fulfill the
boundary condition of the UPE phase, jEj ¼ Ec at trf ¼
3.99 s. In the next section, we calculate the lowest limit of
magnetic field and theminimum repetition timewhich fulfill
the required boundary condition jEj ¼ Ec at trf ¼ 3.99 s.

X. THE LOWER LIMIT OF MAGNETIC FIELD
DURING THE UPE PHASE

Having determined the boundary value of the magnetic
field at trf ¼ 3.99 s to be B0 ¼ 3.9 × 1010 G, we must now

require that at trf > 3.99 s the electric to be undercritical,
and overcritical inside the UPE phase. In Sec. VI, we have
determined the overall behavior of the mass and spin of BH
during the UPE since the moment of the formation of BH;
see Fig. 4.
We set the value of B0 in the UPE phase, i.e., at times

trf < 3.99 s, such that the electric field therein is overcriti-
cal. The lower limit of the magnitude of magnetic field is
determined in a way that in Eq. (13), jErþj ¼ Ec at the end
of the UPE phase; at trf ¼ 3.99 s. For BH mass and spin
parameter at the end of UPE, it implies a magnetic field of
β ¼ B0=Bc ¼ 5.1 or B0 ¼ 2.3 × 1014 G; see Fig. 6.
For B0 ¼ 2.3 × 1014 G and at the moment which BH

is formed, namely trf ¼ 1.9 s, λ ≈ 4.7 × 10−5 [from
Eq. (22)], which leads to rd ¼ 1.15rþ. Having these
values, the energy of dyadoregion at trf ¼ 1.9 s is Ed ≈
6.27 × 1044 erg. The evolution of energy of dyadoregion is
shown in Fig. 6(b).
The evolution of characteristic width of the dyadoregion

is shown in Fig. 6(c). At trf ¼ 3.99 s, the extent of the
dyadoregion tends to zero confirming that not enough eþe−
pairs are created and the UPE phase is finished.

A. The transparency condition obtained from the lower
limit of magnetic field, B0 = 2.3 × 1014 G

For B0 ¼ 2.3 × 1014 G, each expanding PEMB pulse;
which are produced via vacuum polarization and self-
expanded with different Lorentz factors, has an isotropic
energy ∼1045 erg obtained from Eq. (20); see Fig. 6.
The total isotropic energy of the UPE phase is EUPE

iso ¼
1.47 × 1053 erg, therefore, this phase consists of ∼108
impulses in the time interval 1.9–3.99 s. Radiation from
each one of these PEMB pulse can be interpreted as a
blackholic quantum introduced in Rueda and Ruffni [17].
As expressed in Sec. VIII, the key parameters for

calculating the transparency radius of each impulse are:
(1) its isotropic energy, Eiso, (2) the blackbody to isotropic
energy ratio, Eobs

P−GRB=Eiso, (3) the blackbody temperature,
(Tobs), and finally (4) the width Δlab ¼ Δd.
From the inner engine theory, as presented in the

previous subsection, for each impulse we have Eiso ∼
1045 erg and the width of the dyadoregion at decoupling
is Δd ¼ 1.9 × 105 cm. From the hierarchical structure of
UPE phase in this GRB presented by Eq. (3), we have
Eobs
P−GRB=Eiso ∼ 0.3 and the temperature kTobs ∼ 150 keV.
With these values of Eobs

P−GRB=Eiso, Δd, Tobs, and Eiso,
we obtain via Eqs. (32), (36) and (38), the transparency
radius of

Rtr ¼ 9.4 × 109 cm; ð39Þ

the baryon load parameter

B ¼ 5.1 × 10−3; ð40Þ
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and finally the Lorentz factor of

Γ ≈ 139: ð41Þ

We have checked that these estimated values are in good
agreement with the corresponding ones obtained from
the numerical simulation of the PEMB pulses evolution.
The corresponding values from the numerical simulation
are: Rtr ¼ 9.3 × 109 cm, temperature kT ¼ 150 keV, and
Lorentz factor Γ ∼ 140.
The evolution of the Lorentz gamma factor, Γ is shown

in Fig. 6(e) indicating the fact that Γ tends to ∼4 for the last
shell which confirms the end of UPE is reached.
The evolution of transparency radius in the UPE of GRB

190114C, using the exact numerical values of energy and
width of dyadoregion are also shown in Fig. 6(f).

B. The repetition time of sequence
of the blackholic quanta

We now study the timescale of each blackholic quanta
in which the system starts over. The new value of the
electric field is set by the new values of the BH angular
momentum and mass, J ¼ J0 − ΔJ and M ¼ M0 − ΔM,
keeping the magnetic field value constant B0 in which at
trf ¼ 1.9 s, i.e.,

ΔJ
J

≈
ΔM
M

¼ 3.1 × 10−9: ð42Þ

Regarding the presence of the baryon load obtained from
Eq. (36) in the acceleration process, we infer from the MeV
luminosity, the evolution of the timescale τqðtÞ of the
blackholic quantum by requiring it to explain the MeV
emission, i.e.:

LMeV ¼ ½1 − BðΓ − 1Þ�EðrþðtÞ;rdðtÞÞ
τqðtÞ

: ð43Þ

In fact, the effect of baryon load is ð1 − BΓÞ ≈ 0.3.
Therefore, we obtain for the timescale

τqðtÞ ¼
0.3EðrþðtÞ;rdðtÞÞ

LMeV
: ð44Þ

where the EðrþðtÞ;rdðtÞÞ is the energy of dyadoregion obtained
from Eq. (20), determined from the new values of J and M
for each blackholic quanta and LMeV is the MeV luminosity
obtained from best fit represented by Eq. (4); the evolution
of the blackholic timescale is shown in Fig. 6(d).

C. The approach of the jEj=Ec
at the UPE phase boundary

From the above theoretical derivation, we can explicitly
see that, for an iteration, such that the duration of each
elementary process of the nth iteration is 10−9 s, namely

after 109 iterations, the physical model can be consistently
implemented, deriving the necessary parameters character-
izing the process, namely the energy of each PEMB pulse,
the baryon load, the Lorentz factor, and the radius at
transparency. From Fig. 6, it becomes clear that after
trf ∼ 3.7 s, the emission of quanta by the QED process
becomes not effective and the classical regime is soon
approached.
The lowest limit of the magnetic field to reach jEj ¼ Ec

occurs in an inner engine composed of a Kerr BH of initial
mass of M ¼ 4.53 M⊙ and α ¼ 0.51, immersed with a
uniform magnetic of B0 ¼ 2.3 × 1014 G with a radiation
timescale of ∼10−9 s.
Indeed, the decrease of the magnetic field from β ¼ 5.1

to β ¼ 8.9 × 10−4 at trf ¼ 3.99 s, can be explained as the
result of the induced current created by pairs in the inward
electric field, which screens the original magnetic field.
This is a very interesting process that has consequences in
different astrophysical scenarios. Therefore, we here limit
ourselves to the above explanation and refer the reader for
further details in the dedicated, separated publication [47].
All the above results: (1) are in perfect agreement with

observational data; see Fig. 3 and, (2) overcome the
compactness problem of the UPE phase. It is appropriate
to mention all these results have been obtained guided by
the hierarchical structure of the UPE phase.

XI. COMPARISON WITH OTHER
APPROACHES

The magnetohydrodynamics of plasma accretion onto
the Kerr BH was first addressed in Ruffni and Wilson [48]
assuming he infinite conductivity condition, FμνUν ¼ 0

implying E ·B ¼ 0. In view of zero net charge on the
surface of the BH, no process of energy extraction, neither
by vacuum polarization nor by electromagnetic process was
there possible [49].
Blandford and Znajek [50] returned on the same process

and in order to overcome the difficulty of extracting energy
and they introduced, in analogy with pulsar, the presence
“gaps” [51,52].
Thorne and MacDonald [53], following Hanni and

Ruffni [54], calculated the surface charge induced on the
horizon of the Kerr BH immersed in the magnetic field
in the Papapetrou-Wald solution [11]. Miniutti and Ruffni
[55] explicitly manifested that the Papapetrou-Wald sol-
ution [11] implies E · B ≠ 0, and identified that the
induced surface charge implies a quadrupolar distribution
of electric field around the BH. These results were con-
firmed in [56]. Applying these works to the case of GRBs,
it has been shown that the mathematical Papapetrou-Wald
solution can be used in order to describe the inner engine
of a GRB 130427A [12], which presents mechanism to
extract the rotational energy of the Kerr BH. The process
which occurs in the undercritical field regime leads to the
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emission of synchrotron radiation in the GeV domain as
well as ultrahigh energy cosmic rays (UHECRs) [13]. The
synchrotron emission of the inner engine occurs near the
BH horizon and is emitting in blackholic quanta [17].
The extrapolation to overcritical field regime, presented

in this paper, leads to the explanation of the MeV radiation
during the UPE phase.
In recent years, in parallel to the theoretical progresses in

the field, computer simulations were also developed. These
simulations point the fact that present plasma in any energy
extracting scheme would screen the background electric
field of the vacuum solution of Papapetrou-Wald from
the magnetosphere; see e.g., Komissarov [57], Parfrey
et al. [58]. These simulation mainly address the physics of
active galactic nuclei (AGNs) and particularly attentive has
been the review of their theoretical models indicated in
Komissarov [57]. Their choice of parameters and physical
processes are quite different from the ones we have used for
the GRB analysis. In our GRB approach we have been
guided by the theoretical explanation of a vast number of
observations obtained from: (1) the unprecedented time-
resolved spectral analysis of the UPE phase; (2) the power-
law MeV luminosity observed by Fermi-GBM; and (3)
the power-law GeV luminosity observed by Fermi-LAT.
This allows us to identify the physical processes and
parameters which had to be fulfilled in order to obtain
the detailed acquired data. Their choice of parameters
enforce E · B ¼ 0 condition so different from E ·B ≠ 0
which has allowed us to obtain our results.
In our model, themagnetic field is left over by the collapse

of the accreting NS to the BH, rooted in the surrounding
material, and the electric field is created by the gravitomag-
netic interaction of the spacetime rotation with the present
magnetic field; see, e.g., Rueda et al. [14]. Following this
procedure, and since the electric field is assumed to be
overcritical, in a very short timescale ∼ℏ=ðmec2Þ ≈ 10−21 s,
much shorter than any electromagnetic process, a dyador-
egion originate dominated by the high density and high
pressure of the neutral eþe−γ plasma [7].
The optically thick pair electromagnetic-baryon (PEMB)

pulse self-accelerates to the ultra-relativistic regime and
finally reaches the transparency point at the radius of
∼1010 cm. These classical results were obtained thanks
to a collaboration with Wilson at Lawrence Livermore
National Laboratory [5,6].
As soon as the BH is formed, the first and the most

efficient process in action to produce the eþe− plasma and,
consequently decreasing the rotational energy of BH,
occurs through the Schwinger critical field pair production.
Since an overwhelming amount of pair plasma is created in
quantum timescales, the plasma expansion by its internal
pressure starts well before any electric field screening.
This process takes a fraction of angular momentum of

the Kerr BH. The BH then is left with a slightly smaller
angular momentum J� ¼ J − ΔJ, withΔJ=J ∼ 10−9, being

ΔJ the angular momentum, and the same magnetic field
which leads to a new electric field created by the space-time
rotation. As a result, the system starts a new process in
presence of the same magnetic field B0, kept rigorously
constant and a new effective charge of Q�

eff ¼ Qeff − ΔQeff
which ΔQeff ¼ 2B0ΔJ.
This process continues till the moment that electric field

is not overcritical anymore, and after that the sole electro-
magnetic process is at work. The expanding eþe−γ plasma
sweeps away the matter in the cavity whose density after
this process becomes ∼10−14 g cm−3, and an undercritical
electromagnetic field is left; see Ruffni et al. [29]. This low-
density ionized plasma is needed to fulfill an acceleration
of charged particles leading to the electrodynamical pro-
cess around a newborn BH. In fact, this density is much
below the Goldreich-Julian density ρGJ ¼ 8× 10−12 gcm−3

obtained for the B0 ¼ 3.9 × 1010 G andM ¼ 4.45 M⊙ and
a ¼ 0.41M. Moreover, the matter energy density inside
the cavity is negligible comparing to the electromagnetic
energy density, namely ρM=ðjBj2 − jEj2Þ ∼ 10−14, while in
Komissarov [57] this ratio is 0.05 or higher.
It is interesting that the inner engine operates as well

in the supermassive BHs in active galactic nuclei in the
jEj < Ec regime. In the case of M87, with a mass of a few
109 M⊙, the repetition timescale is 0.68 d in the polar
direction, with a quanta of E ∼ 1045 erg [13].

XII. CONCLUSIONS

GRB 190114C has offered already the possibility of
testing different Episodes of the BdHN I sequence by a
time-resolved spectral analysis [1]; the νNS-rise [Becerra
et al. in preparation], the formation of the BH triggering the
UPE phase and the associated GeV emission (see Fig. 1),
the formation of the cavity [29], the long-lasting emission
in the X-ray afterglow from the spinning νNS [14], and in
the GeV emission from the newly-formed BH [13].
The long lasting GeV radiation, with a luminosity

following a power-law of LGeV ¼ ð7.75� 0.44Þ×
1052 t−ð1.2�0.04Þ erg s−1, has been shown to originate from
the extraction of the rotational energy of a Kerr BH in a
sequence of discrete “blackholic quanta” emission [17].
This process occurs in an inner engine, which is composed
of an uniform magnetic field aligned with the rotation axis
of the Kerr BH described by the Papapetrou-Wald solution
[10,11] and immersed in a very low density fully ionized
plasma with density as low as 10−14 g cm−3 [1,13,17,29].
One of the main results has been the concept of effective

charge Qeff , given by Eq. (1) driving the acceleration
process in the inner engine.
The most unexpected result has been the discovery of

hierarchical structure in the time-resolved spectral analysis
on ever-decreasing timescales of the UPE phase of GRB
190114C by Ruffni et al. [27] and here updated in Sec. III.
There, we have determined the spectral properties and

NATURE OF THE ULTRARELATIVISTIC PROMPT EMISSION … PHYS. REV. D 104, 063043 (2021)

063043-15



luminosities during and after the UPE phase, of the MeV
emission observed by Fermi-GBM, and of the GeV
emission observed by Fermi-LAT.
A new arena is open in this article linking themacroscopic

hierarchical structure of the UPE phase to a microphysical
sequence of discrete elementary events in a QED regime.
For the first time, we have here approached the energy

extraction process from a Kerr BH by the general relativ-
istic QED process occurring in the inner engine.
We have assumed that the electric field of the inner

engine operates in an overcritical jEj > Ec during the UPE
phase, and in an undercritical jEj < Ec just after the end of
the UPE phase. A sharp separatix both in the theoretical
treatment and in the observational properties of these two
domains are evidenced.
The main result of this article is to have compared and

contrasted the two different processes for explaining the
MeV and GeV emissions of GRBs.
The first process, originating the MeV radiation, is

dominated by the vacuum polarization originating from
the overcritical field in the UPE phase. The overcritical
field generates an initially optically thick eþe−γ-baryon
plasma, which self-accelerates until reaching the point of
transparency, a PEMB pulse. Typical values of Γ ∼ 100
guarantee the avoidance of the compactness problem [8,9]
in the UPE phase. We have shown that the magnetic field
B0 keeps a constant value during the UPE phase of order of
∼1014 G and reduces to 3.9 × 1010 G after the UPE phase.
The second process, originating the GeV emission, is

based on the classical ultrarelativistic electrodynamics
generated from the electrons injected in the magnetic field
emitting synchrotron radiation close to the BH horizon, in
selected energies with specific pitch angle dependence, see
Fig. 9 in Ruffni et al. [12].
Both these processes originate from the rotational

energy of the Kerr BH acting on a uniform magnetic field,
aligned with the BH rotation axis, within Papapetrou-Wald
solution.
The results presented here were expected since fifty years

when the Christodoulou-Hawking-Ruffini mass-energy
formula of the BH [41–43], as well as some of the
pioneering works, using the vacuum polarization process
of a BH, were established [3,59]. They were followed by
fundamental contributions on the self-acceleration process
of the eþe−γ optically thick plasma, PEMB pulses [3,5,6],
and by the concepts of dyadosphere and dyadotorus [see
[7], and references therein], which are the fundamental
conceptual framework of this article. The revival of these
concepts, as we explained in this article, has been made
possible by the fundamental introduction of “the effective
charge” overcoming the concept of a net charged BH and
fulfilling, nevertheless, all the necessary electrodynamical
process of an electrically charged BH.
The fact that all the properties of GRB 190114C have

been confirmed to occur in GRB 130427A, GRB 160509A

and GRB 160626B; see [28], allow us to extend and apply
the analysis here performed for the inner engine, generally
to all BdHNe I.
This has introduced a radical change by modifying the

traditional energetic arguments based on the gravitational
binding energy of massive particles geodesics, following a
classical electrodynamics process in the Kerr metric occur-
ring at very high density. Indeed, in [29], it has been shown
how this inner engine operates most efficiently in a cavity
in presence a very tenuous ionized plasma with density of
10−14 g cm−3 following a classical electrodynamics proc-
ess. The inner engine equally works at high densities of
the PEMB pulses in the quantum electrodynamics process.
In both processes, the fundamental energetic role is being
played by the rotational energy of the Kerr BH, which is
converted by associated classical and quantum ultrarela-
tivistic acceleration processes into the observed multi-
wavelength energy emissions and UHECRs. The applica-
tion of the classical work of the innermost stable circular
orbit (ISCO) of massive particles around Kerr BH, intro-
duced in Ruffni and Wheeler [60], has been superseded in
this new approach. The concepts of the dyadosphere and
[3,5,6] and dyadotorous [30]s are the fundamental ones in
this new electrodynamical scenario.
The most important result in this paper has been the

understanding the role of hierarchical structure discovered
in the time-resolved spectral analysis of the UPE phase,
finally explained by their underlying quantum nature.
This longmarchwas started by the intuitions announced in

Ruffni et al. [27]. They have been here expanded and
approached in their theoretical implication in this article.
Although the motivations were clear, their detailed compre-
hension has needed further workwhich is here presented.We
are ready to look at the implications of these results.
Thanks to the observation of GRB 190114C, which is by

far the most complex fundamental physical system ever
approached inScience, a new scenario is nowopen. Themost
unique complexity of BdHNe, their enormous energy emit-
ted in an observer homogeneous Universe, see e.g., Ruffni
et al. [61], and the special quantum and classical electrody-
namics nature of their radiation make us wonder about the
role GRB may play in the appearance of life in the Universe
[62]. This new overarching conceptual description appears to
be in sight thanks to the observation of GRB 190114C.
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ABSTRACT

A multi-decade theoretical effort has been devoted to finding an efficient mechanism to use the rotational and electrodynamical
extractable energy of a Kerr-Newman black hole (BH), to power the most energetic astrophysical sources such as gamma-ray bursts
(GRBs) and active galactic nuclei. We show an efficient general relativistic electrodynamical process which occurs in the “inner
engine” of a binary driven hypernova. The inner engine is composed of a rotating Kerr BH of mass M and dimensionless spin
parameter α, a magnetic field of strength B0 aligned and parallel to the rotation axis, and a very low-density ionized plasma. Here, we
show that the gravitomagnetic interaction between the BH and the magnetic field induces an electric field that accelerates electrons
and protons from the environment to ultrarelativistic energies emitting synchrotron radiation. We show that in GRB 190114C the BH
of mass M = 4.4 M�, α = 0.4, and B0 ≈ 4 × 1010 G can lead to a high-energy (&GeV) luminosity of 1051 erg s−1. The inner engine
parameters are determined by requiring (1) that the BH extractable energy explains the GeV and ultrahigh-energy emission energetics,
(2) that the emitted photons are not subjected to magnetic-pair production, and (3) that the synchrotron radiation timescale agrees with
the observed high-energy timescale. We find for GRB 190114C a clear jetted emission of GeV energies with a semi-aperture angle of
approximately 60◦ with respect to the BH rotation axis.

Key words. black hole physics – magnetic fields – gamma-ray burst: individual: GRB 190114C – gamma-ray burst: general

1. Introduction

Rotating black holes (BHs) have traditionally been described
by the Kerr (Kerr 1963) and the Kerr-Newman metrics
(Newman et al. 1965) which assume three conditions: (i) they
are in a matter vacuum, (ii) they are embedded in an asymp-
totically flat spacetime, and (iii) they fulfill global stationarity.
Under these conditions, BHs are just a sink of energy, namely
“dead BHs”. The discovery of the reversible and irreversible
transformations in both these spacetimes (Christodoulou 1970;
Christodoulou & Ruffini 1971) opened the conceptual possibil-
ity of extracting both rotational and electromagnetic energy from
a Kerr-Newman BH. These results also led to the asymptotic
mass-energy formula relating the mass M of a BH to three inde-
pendent parameters, the irreducible mass Mirr, the charge Q, and
the angular momentum J, soon confirmed by Hawking (1972).
The perspective that up to 50% of the mass-energy of a Kerr-
Newman BH could be extracted directed the attention to the
alternative view of “alive BHs” whose extractable energy could
be used as an astrophysical source (see, e.g., “Introducing the
black hole” Ruffini & Wheeler 1971a and “On the energetics of
black holes” by R. Ruffini in DeWitt & DeWitt 1973).

Since then an efficient process has been sought that is able
to power the most energetic astrophysical sources, gamma-ray
bursts (GRBs), and active galactic nuclei (AGNs), using the
extractable energy from a BH. The theoretical framework has

been constantly evolving (see, e.g., Tursunov & Dadhich 2019,
for a review on this topic). As we show in this paper, the recent
discovery of the birth of a BH in GRB 130427A (Ruffini et al.
2019a; Rueda & Ruffini 2020) demonstrates that the Kerr BH
harbored in the inner engine of this source is indeed an enor-
mous source of giga-electron volt (GeV) energy. The main topic
of this article is to reach a deeper understanding of the process of
rotational energy extraction by further identifying the astrophys-
ical setting, the boundary conditions, and the basic new physical
laws that allow this process to become observable. Specifically,
for the case of GRB 190114C, our goal is to infer the values of
the independent physical component, the spectral distribution of
the high-energy GeV emission, and the geometrical properties
of the GeV and ultrahigh-energy emissions.

Our approach is based on the binary-driven hyper-
nova (BdHN) model of long GRBs (Rueda & Ruffini 2012;
Fryer et al. 2014; Becerra et al. 2016; Ruffini et al. 2019a). The
BdHN progenitor is a binary system composed of a carbon-
oxygen (CO) star and a neutron star (NS) companion. The col-
lapse of the iron core of the evolved CO star forms a newborn NS
(νNS) at its center and expels the stellar outermost layers, hence
leading to a supernova (SN) explosion. The SN ejecta produces
a hypercritical accretion process both onto the νNS and onto
the NS companion. For very compact binaries (orbital period
on the order of 5 min), the NS companion reaches the critical
mass rapidly (a few seconds), undergoes gravitational collapse,
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and forms a rotating BH. We have called these long GRBs in
which there is BH formation, BdHNe of type I (BdHN I). Their
isotropic energy release is in the range 1053−1054 erg. Numerical
simulations of the above process in one, two, and three dimen-
sions have been presented in Fryer et al. (2014), Becerra et al.
(2015, 2016, 2019), respectively. Only a fraction of BdHNe form
BHs (380 BdHNe I have been identified; see Ruffini et al. 2021).
In progenitors with longer binary periods, on the order of hours,
no BHs are formed; the outcome is a binary NS with long GRBs
in the range 1051−1053 erg (Wang et al. 2019). For even longer
binary periods, on the order of days, even less energetic long
GRBs are encountered, the BdHNe III, for example the case of
GRB 060218 (Liang et al., in prep.).

We now return to GRB 190114C. It has already been shown
that the collapse of the CO star, which triggers the complete
GRB process in the presence of a binary NS companion, leads to
a SN creating an additional NS (i.e., the νNS). The SN process
is observed earlier at X-ray (up to a few keV) and soft gamma-
ray (up to a few MeV) wavelengths, and it has been referred
to as “SN-rise” (see, e.g., Wang et al. 2019). For GRB 190114C
this occurs in the rest-frame interval trf . 1.99 s. It carries an
energy of ESN-rise = 2.82 × 1052 erg and is characterized by a
blackbody plus cutoff power-law spectrum (Liang et al. 2019).
The short duration of the SN-rise finds a natural explanation
in the BdHN model. In a BdHN I the companion NS is sepa-
rated at only 1010−1011 cm (i.e., about 1 light-second) from the
CO star, implying that only the first spike becomes observable
before the expanding SN ejecta triggers the hypercritical accre-
tion process onto the NS companion (see, e.g., Becerra et al.
2019; Wang et al. 2019).

The newborn BH is embedded in the magnetic field inherited
from the NS (Rueda et al. 2020), and sits at the center of a cavity
of very low density (see Ruffini et al. 2019b, for numerical simu-
lations) of material from the SN ejecta. For GRB 190114C such
a density has been estimated to be on the order of 10−14 g cm−3.
The cavity is carved during the accretion and subsequent gravi-
tational collapse of the NS leading to the BH. The magnetic field
remains anchored to material that did not participate in the BH
formation (see Rueda et al. 2020 for a detailed discussion on the
magnetic field around the newborn Kerr BH in a BdHN I).

The Kerr BH in the cavity is therefore not isolated and acts
in conjunction with a test magnetic field of strength B0, aligned
with the BH rotation axis. An additional important feature is that
there is no vacuum surrounding the BH. As we show in this arti-
cle, a fully ionized, very low-density plasma is essential to allow
the electrodynamical performance of the energy extraction pro-
cess by the inner engine, which is necessarily non-stationary.

The operation procedure of the inner engine leads the mass
and spin of the BH to decrease as functions of time, while the BH
irreducible mass (Mirr) remains constant. The electrons acceler-
ate to ultrahigh energies at the expense of the BH extractable
energy1

Eextr ≡ (M − Mirr)c2, (1)

obtainable from the BH mass-energy formula (Christodoulou
1970; Christodoulou & Ruffini 1971; Hawking 1971)

M2 =
c2

G2

J2

4M2
irr

+ M2
irr, (2)

1 We use cgs-Gaussian units throughout, unless otherwise specified.
Careted symbols stand for quantities in geometric units; for example,
M̂ ≡ GM/c2 denotes geometric mass. See Table 1 for details on the
units and conversion factors between the cgs-Gaussian and geometric
systems of units.

where J and M are respectively the angular momentum and the
mass of the BH.

As we explain in this article, using the mathematical role
of the Papapetrou-Wald solution (Papapetrou 1966; Wald 1974),
a profound change of paradigm in relativistic astrophysics has
been made possible by the inner engine (Ruffini et al. 2019a),
namely the introduction of the effective charge given by the
product of J and B0:

Qeff =
G
c3 2JB0. (3)

This effective charge originates from the gravitomagnetic inter-
action of the Kerr BH with the surrounding magnetic field, left
over by the collapse of the accreting NS to the BH still rooted
in the surrounding material (see, e.g., Rueda et al. 2020). The
existence of this effective charge finally explains the success of
utilizing the concept of a Kerr-Newman BH as a temporary step
to approach the analysis of quantum electrodynamical processes
in the field of a rotating BH (see, e.g., Damour & Ruffini 1975).

We are now able to elaborate, with the use of quantum elec-
trodynamics and general relativity, a novel and physically more
complete treatment of the GRB high-energy engine in a glob-
ally neutral system, therefore satisfying Eq. (2). Starting from
these general premises, the main focus of this article is the role of
the newborn BH in giving origin to the GeV emission observed
by Fermi-LAT in the context of the inner engine of a BdHN I.
In Sect. 2 we mathematically describe the electromagnetic field
surrounding the Kerr BH following the Papapetrou-Wald solu-
tion of the Einstein-Maxwell equations (Papapetrou 1966; Wald
1974). Section 3 summarizes the operation of the inner engine,
including its energy budget and electric potential energy avail-
able for the acceleration of charged particles around the BH. The
particle motion along the BH rotation axis and its relation to the
inner engine contribution to ultrahigh-energy cosmic rays (UHE-
CRs) is presented in Sect. 4. In Sect. 5 we estimate the energy
loss by synchrotron radiation for electrons moving outside the
BH rotation axis. We obtain there the typical electron Lorentz
factor, the corresponding pitch angles leading to high-energy
(&GeV) photons, and the radiation timescale. Section 6 presents
an estimate of the energy and angular momentum extracted to
the Kerr BH in the emission process, in the radiation timescale,
implied by the BH mass-energy formula. In Sect. 7 we present
our method of inferring the inner engine parameters, namely
the BH mass and spin, and the magnetic field strength from
the three conditions required (the observed high-energy emis-
sion covered by the extractable energy of the BH, the observed
high-energy luminosity equal to the synchrotron radiation value,
the emitted high-energy photons able to freely escape from the
system). In Sect. 8 we apply this framework to the case of
GRB 190114C obtaining the corresponding inner engine param-
eters. Section 9 is dedicated to a comparison of our results with
previous literature results. Finally, we outline the conclusions in
Sect. 10.

2. Electric and magnetic fields around the BH

Following the considerations presented in Ruffini et al. (2015,
2019a) corresponding to GRB 130427A, we turn to a quantita-
tive estimate of the inner engine via a solution of the Einstein-
Maxwell equations of a Kerr BH embedded in a test, asymptot-
ically aligned, uniform magnetic field (Papapetrou 1966; Wald
1974), hereafter the Papapetrou-Wald solution.
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Table 1. Units of the relevant physical quantities used in this article in the cgs-Gaussian and geometric system of units.

cgs-Gaussian Geometric cgs to geometric

M g cm G/c2 = 7.425 × 10−29 cm g−1

Q cm3/2 g1/2 s−1 (statC) cm G1/2/c2 = 2.874 × 10−25 cm−1/2 g−1/2 s
J g cm2 s−1 cm2 G/c3 = 2.477 × 10−39 g−1 s
Φ cm2 g s−2 (erg) cm G/c4 = 8.261 × 10−50 cm−1 g−1 s2

φ cm1/2 g1/2 s−1 (statV) cm0 G1/2/c2 = 2.874 × 10−25 cm−1/2 g−1/2 s
E cm−1/2 g1/2 s−1 (statV cm−1) cm−1 G1/2/c2 = 2.874 × 10−25 cm−1/2 g−1/2 s
B cm−1/2 g1/2 s−1 (gauss, G) cm−1 G1/2/c2 = 2.874 × 10−25 cm−1/2 g−1/2 s

Notes. M mass, Q charge, J angular momentum, Φ electric potential energy, φ electric potential, E electric field, B magnetic field. We use length
(cm) as the base unit in the geometric system.

The BH rotation and the aligned magnetic field induce an
electric field with the following radial and polar components:

Er̂ =
B0âM̂
Σ2A1/2

[
2r2 sin2 θ Σ − (r2 + â2)(r2 − â2 cos2 θ)(1 + cos2 θ)

]
,

(4a)

Eθ̂ = B0âM̂
∆1/2

Σ2A1/2 2 r â2 sin θ cos θ (1 + cos2 θ). (4b)

The magnetic field components are

Br̂ =
B0 cos θ
Σ2A1/2

{
(r2 + â2)Σ2 − 2M̂râ2[2r2 cos2 θ + â2(1 + cos4 θ)]

}
,

(5a)

Bθ̂ = − ∆1/2

Σ2A1/2 B0 sin θ [M̂â2(r2 − â2 cos2 θ)(1 + cos2 θ) + rΣ2],

(5b)

where Σ = r2 + â2 cos2 θ, ∆ = r2 − 2M̂r + â2, A =
(r2 + â2)2 − ∆â2 sin2 θ, and M̂ = G M/c2 and â = Ĵ/M̂ =
(GJ/c3)/(GM/c2) = J/(Mc) are respectively the geometric mass
and specific angular momentum of the BH (see Table 1).

We here use the locally non-rotating observer, also known as
zero angular momentum observer (ZAMO; see Bardeen 1970;
Bardeen et al. 1972). Therefore, the electromagnetic field com-
ponents ((4a), (4b) and (5a), (5b)) differ from those presented in
Ruffini et al. (2019a), where the Carter’s observer was used.

For moderate dimensionless spin values, α . 0.7, where α ≡
â/M̂ = cJ/(GM2), the electric and magnetic fields are accurately
represented by the first-order expansion (α � 1 or â � M̂):

Er̂ ≈ −B0âM̂
r2 (3 cos2 θ − 1), Eθ̂ ≈ 0, (6a)

Br̂ ≈ B0 cos θ, Bθ̂ ≈ −B0

√

1 − 2M̂
r

sin θ. (6b)

Thus, the electric field is mainly radial and inwardly directed.
The electric field decreases with the square of the distance; there-
fore, it is maximum at the BH horizon, r+ = M̂(1 +

√
1 − α2),

and on the rotation axis θ = 0, so Er̂,max = −2B0â/r2
+ = −αB0/2.

The electric field vanishes for 3 cos θ± − 1 = 0. Therefore,
it is inwardly directed in the northern hemisphere for spheri-
cal polar angles (measured clockwise) −θ± < θ < θ±, where
θ± = arccos(

√
3/3) ≈ 55◦ (see Eqs. (6a), (6b) and Fig. 1).

Because of the equatorial symmetry it also points inward in the
southern hemisphere for π − θ± < θ < π + θ±. In these regions,
electrons are outwardly accelerated. In the remaining regions the

5 0 5
x/M

10

5

0

5

10

z/
M

Fig. 1. Electric (blue lines) and magnetic (golden lines) field lines of
the Papapetrou-Wald solution in the xz-plane in Cartesian coordinates.
The BH spin parameter is set to a/M = 0.3 and the magnetic field
and the BH spin are aligned and parallel. The background is a density-
plot of the electric field energy density which is decreasing from red
to blue. The BH horizon is the black disk. Distances are in units of
M and the fields in units of B0. Outward electron acceleration occurs
in the region limited by the dashed black lines, i.e., where the electric
field is inwardly directed. In the northern hemisphere it covers spherical
polar angles (measured clockwise) −θ± < θ < θ±, where θ± ≈ 55◦. By
equatorial symmetry, in the southern hemisphere, it covers π− θ± < θ <
π + θ±.

electric field reverses sign, becoming outwardly directed (see
Fig. 1). The value of θ± is indeed accurately given by the slow-
rotation approximation; for instance, a numerical calculation
shows that θ± ≈ 54.74◦−59.76◦ for α = 0.01−0.99. We show
below in this article that, the electrons located in these northern
and southern hemisphere cones of semi-aperture angle of ≈60◦,
are outwardly accelerated with the appropriate pitch angles lead-
ing to GeV photons (see Sect. 5 and Fig. 2 for details). Clearly,
being anisotropic, this “jetted” emission is not always visible.

A75, page 3 of 11



A&A 649, A75 (2021)

This feature has been crucial for the inference of the morphol-
ogy of the BdHN I from the high-energy (GeV) data of long
GRBs (Ruffini et al. 2021).

It can be also seen that the magnetic field is everywhere
nearly aligned with the BH rotation axis; at any distance we have
Bz � Bx ∼ By, and at distances r � 2M̂ it is perfectly aligned
(i.e., Bx → 0, By → 0, and Bz → B0). All these features can
be seen in Fig. 1, which shows the electric and magnetic field
lines given by the general expressions given by Eqs. (4a), (4b)
and (5a), (5b).

3. Operation of the inner engine

The operation of the inner engine is based on three components
naturally present in a BdHN I:

– the Kerr metric that describes the gravitational field produced
by the newborn rotating BH;

– an asymptotically uniform magnetic field around the new-
born BH fulfilling the Papapetrou-Wald solution (see
Sect. 2);

– a very low-density plasma around the newborn BH com-
posed of ions and electrons of 10−14 g cm−3 (Ruffini et al.
2019b).

The inner engine operation follows these precise steps:
1. The magnetic field and the BH rotation induce an electric

field as given by the Papapetrou-Wald solution (see Sect. 2).
For an aligned and parallel magnetic field to the BH spin, the
electric field is nearly radial and inwardly directed at, and
about, the BH rotation axis within an angle θ± (see Fig. 1).

2. The induced electric field accelerates electrons outwardly.
The number of electrons that can be accelerated is set by the
energy stored in the electric field Rueda & Ruffini (2020):

E ≈ 1
2

E2
r̂ r3

+ = ~Ωeff , (7a)

Ωeff = 4
(

mPl

mn

)8 
B2

0

ρPl

αΩ+. (7b)

Here Ω+ = c2∂M/∂J = cα/(2 r+) is the so-called BH angu-
lar velocity; mn the neutron mass; and ρPl ≡ mPlc2/λ3

Pl,
λPl = ~/(mPlc), and mPl =

√
~c/G are respectively the

Planck energy-density, length, and mass. These expressions
evidence the nature of the underlying physical process gen-
erating the electric field and the BH horizon: the elec-
trodynamics of the Papapetrou-Wald solution (Ruffini et al.
2019a), the origin of its magnetic field from the binary NS
companion (Rueda et al. 2020), and the smooth formation
of the BH from the induced gravitational collapse process
(Rueda & Ruffini 2012). Additional details on the above for-
mulation are presented in Rueda & Ruffini (2020).

3. The maximum possible electron acceleration and energy is
set by the electric potential energy difference from the hori-
zon to infinity can be written as (Rueda & Ruffini 2020)

∆Φ =
1
c

e a B0,= ~ωeff , (8a)

ωeff =
G
c4 4

(
mPl

mn

)4

e B0 Ω+, (8b)

where a = J/M.
4. Along the polar axis radiation losses are absent (see below in

Sect. 4), while at off-axis latitudes (see below in Sect. 5) the

accelerated electrons emit synchrotron radiation. The radia-
tion timescale τrad must fulfill

τrad =
E

LGeV
, (9)

where LGeV is the observed GeV luminosity.
5. After this, the energy E has been used and emitted. The pro-

cess restarts with a new angular momentum J = J0 − ∆J,
being ∆J the angular momentum extracted to the Kerr BH
by the event (see below Eqs. (19a)–(19c) in Sect. 6).

6. The above steps are repeated, with the same efficiency, if the
density of plasma is sufficient, namely if the number of the
particles is enough to cover the new value of the energy E.
Therefore, the inner engine evolves in a sequence of elemen-
tary processes, each emitting a well-defined, precise amount
of energy.

For the sake of example, let us chose fiducial parameters B0 =
1011 G, M = 3 M�, and α = 0.5. In this case the available energy
is E ≈ 3.39× 1037 erg, and the maximum energy that an acceler-
ated electron can gain is ∆Φ ≈ 1.06 × 107 erg = 6.64 × 1018 eV.

4. Acceleration on the polar axis: Ultrahigh-energy
cosmic rays

Along the polar axis, θ = 0, the electric and magnetic fields only
have the z-component and are thus parallel; see Eqs. (4a), (4b)
and (5a), (5b), or Eqs. (6a) and (6b). Since the electron is accel-
erated by the electric field, this implies that the electron pitch
angle, which is the angle between the electron’s injection veloc-
ity (into the magnetic field) and the magnetic field, is zero. Con-
sequently, no radiation losses (by synchrotron emission) occur
for motion along the BH rotation axis.

The electrons accelerate outward gaining the total electric
potential energy, ∆Φ ∼ 1018 eV. Therefore, the maximum num-
ber of electrons that the inner engine can accelerate along the
axis is

Npole =
E

∆Φ
=

Ωeff

ωeff

∼ 1031. (10)

These ultrarelativistic electrons contribute to leptonic UHE-
CRs. The timescale of this acceleration process along the polar
axis is

τpole ≡ ∆Φ

eEr̂ c
≈ r+

c
=

α

2Ω+

≈ 10−5 s. (11)

This implies that the inner engine can accelerate electrons along
the BH rotation axis at a rate

Ṅpole ≡
Npole

τpole
∼ 1036 s−1, (12)

leading to a power

Ėpole = Ṅpole∆Φ =
E
τpole

∼ 1054 eV s−1 ≈ 1042 erg s−1. (13)

Since the electric and magnetic fields along the rotation axis
(and nearly close to it) are parallel (see Fig. 1), the particles in
that region are all accelerated (nearly) parallel to the BH rota-
tion axis. Therefore, we do not expect the accelerated particles
to have appreciable collisions able to reduce the above estimate
of their maximum kinetic energy gain. Therefore, Ėpole given by
Eq. (13) is the maximum power available for UHECRs.
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Table 2. Some astrophysical properties of the inner engine for GRB 190114C and AGN, in the latter adopting as a proxy M 87* (Rueda & Ruffini
2020).

GRB 190114C AGN (M 87*-like)

M (M�) 4.4 6.0 × 109

α 0.4 0.1
B0 (G) 4.0 × 1010 10
τpole 4.33 × 10−5 s 0.68 d
∆Φ (eV) 3.12 × 1018 2.66 × 1017

E (erg) 7.02 × 1037 6.96 × 1044

Ėpole (erg s−1) 1.62 × 1042 1.18 × 1040

χ (◦) 0.1805−18.05 0.0451−4.51
tc (s) 1.45 × 10−16−1.45 × 10−14 0.2939−29.39
LGeV (erg s−1) 4.83 × 1051−4.83 × 1053 2.37 × 1043–2.37 × 1045

Notes. The timescale of particle acceleration along the BH rotation axis τpole is given by Eq. (11); the maximum energy gained in such acceleration
∆Φ is given by Eqs. (8a) and (8b). The energy E available for acceleration and radiation is given by Eqs. (7a) and (7b). The maximum power
available for acceleration (i.e., to power UHECRs) is Ėpole and is given by Eq. (13). The pitch angle χ is computed from Eq. (16) adopting
the photon energy range 0.1−1 GeV photons; the corresponding synchrotron radiation timescale tc is given by Eq. (18), and an estimate of the
associated GeV luminosity, LGeV ∼ E/tc, is also shown. In both cases the corresponding inner engine parameters (BH mass M, spin α, and
surrounding magnetic field strength B0) have been fixed to explain the observed high-energy (&GeV) luminosity (see Sect. 7 for the case of
GRB 190114C and Rueda & Ruffini 2020 for M 87*).

The extension of the considerations presented here to very
massive BHs and AGN, the role of the accretion disk in these
galactic configurations, and the possibility of accelerating pro-
tons to produce UHECRs by the BH have started to be addressed
(Rueda & Ruffini 2020). We compare and contrast in Table 2
some of the inner engine physical properties applied to the case
of GRB 190114C and to M 87*.

5. Acceleration at off-axis latitudes: Synchrotron
radiation

For the present electric field, and assuming radial motion, the
dynamics of the electrons in the electromagnetic field, for γ � 1,
is determined from (de Jager et al. 1996; Ruffini et al. 2019a)

mec2 dγ
dt

= e
1
2
αB0 c − 2

3
e4 B2

0 sin2 〈χ〉
m2

ec3
γ2, (14)

where e is the elementary charge, γ is the electron Lorentz fac-
tor, 〈χ〉 is the injection angle between the direction of electron
motion and the magnetic field (the pitch angle), and me is the
electron mass. This equation is integrated assuming the electrons
are injected near the horizon (where the electric field strength is
αB0/2), for selected values of the injection angle 〈χ〉, with an
initial Lorentz factor γ = 1 at t = 0.

The synchrotron spectrum peaks roughly at the photon criti-
cal energy (see, e.g., Landau & Lifshitz 1975)

εγ =
3e~

2me c
B0 sin 〈χ〉 γ2 =

3
2

mec2β sin 〈χ〉 γ2, (15)

where in the last expression we introduced β = B0/Bc, with
Bc = m2

ec2/(e~) ≈ 4.41×1013 G. Therefore, the synchrotron peak
energy shifts from lower to higher energies (soft-to-hard spectral
evolution) as the electron accelerates. For example, the photon
critical energy εγ, for γ & 103, a magnetic field B0 = 1011 G
(so β = 0.0023), and a pitch angle χ = 10◦ falls in the GeV
regime.

During the acceleration, the Lorentz factor increases linearly
with time up to an asymptotic maximum value (see Ruffini et al.

2019a, for details). This maximum value, set by the balance
between the energy gain by acceleration in the electric field and
energy loss by synchrotron radiation, is (Ruffini et al. 2019a)

γmax =
1
2

[
3

e2/(~c)
α

β sin2 〈χ〉

]1/2

, (16)

which defines the maximum electron energy εe = γmaxmec2.
Associated with γmax, by replacing Eq. (16) into (15) we
obtain the maximum peak energy of the spectrum (Ruffini et al.
2019a)

εγ,max =
9
8

mec2

e2/~c
α

sin 〈χ〉 ≈
78.76
sin 〈χ〉αMeV, (17)

and the synchrotron cooling timescale t = tc for the above maxi-
mum photon critical energy is given by (Ruffini et al. 2019a)

tc =
~

mec2

3
sin 〈χ〉

(
e2

~c
α β3

)−1/2

. (18)

For model parameters α = 0.5 and B0 = 1011 G, photons of
energy 0.1−10 GeV (typical photon energy range detected by
the Fermi-LAT) are emitted by electrons with pitch angles χ ≈
0.23−23◦, and electron energy εe = 1.98 × 108−1.98 × 1010 eV,
radiating on a timescale of tc = 2.63 × 10−17−2.63 × 10−15 s.
We show in Fig. 2 the pitch angle χ as a function of the
maximum photon critical energy (spectrum peak energy) εγ,max,
obtained from Eq. (17), in the energy range 0.1−10 GeV, and
for three selected values of α. Figure 3 shows the contours of
constant χ for electrons moving in the electromagnetic field of
the Papapetrou-Wald solution shown in Fig. 1. In particular, we
show pitch angles for which electrons emit photons of GeV ener-
gies (see also Fig. 2). It can be seen that this high-energy jetted
emission occurs within an effective opening angle θ± ≈ 60◦. This
anisotropic emission is essential to infer the BdHN I morphology
from the GeV emission data of long GRBs (Ruffini et al. 2021).
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Fig. 2. Pitch angle χ (in units of degrees) as a function of the photon
critical energy εγ (in units of GeV) obtained from Eq. (17). The focus
of the plot for photon critical energy is in the range 0.1−10 GeV. The
solid, dashed, and dotted curves correspond to selected values of the
BH spin parameter α = 0.1, 0.3, and 0.5, respectively.

6. Energy and angular momentum extraction,
golden rule, and duration of the inner engine
activity

At the end of every elementary process, all the energy E has
been emitted. The inner engine restarts its operation with the
same magnetic field of B0, but with a new slightly smaller angu-
lar momentum J = J0 − ∆J, being ∆J the angular momen-
tum extracted by the process. From the BH mass-formula (2),
keeping the irreducible mass constant (i.e., ∆Mirr = 0, and
∆Mc2 = E), we obtain a change in the BH angular momentum
∆J in each event:

Jeff = IeffΩeff , Ieff = M
(

2GMirr

c2

)2

, (19a)

∆J =
Jeff

J
~, (19b)

∆J =
1
Ω̄

∆E, Ω̄ ≡ J
Ieff

, ∆E ≡ E. (19c)

Here the last equation, a truly golden formula, relates the energy
radiated (∆E = E) to the angular momentum extracted to the
rotating BH (∆J).

For the fiducial parameters that we used above, M = 3 M�,
α = 0.5, and B0 = 1011 G, we have J ≈ 3.96 × 1049 g cm2 s−1,
Mirr ≈ 2.9 M�, and ∆J ≈ 1.0 × 1033 g cm2 s−1, so a fractional
change ∆J/J ≈ 10−16, implying that the activity can last for
thousands of years or more, providing there is ionized plasma
to feed the inner engine.

7. Inference of the BH mass, spin, and surrounding
magnetic field

We require three physical and astrophysical conditions to obtain
the three inner engine parameters, the BH mass and spin, M and
α, and the strength of the magnetic field surrounding the BH, B0.
Following Ruffini et al. (2019a), who show that the use of solely
the GeV emission data, after the ultrarelativistic prompt emis-
sion (UPE) phase (see Liang et al. 2019), is enough to determine
the inner engine parameters (see Fig. 4). In particular, we show
that this procedure serves to obtain a lower limit to the mass
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Fig. 3. Contours of constant pitch angle (χ) of electrons moving
in the electromagnetic field of the Papapetrou-Wald solution shown
in Fig. 1. For the present magnetic dominated case (|E|/|B| <
1), charged particles follow the magnetic field lines; therefore,
sin χ = |B|−1

√
(E + u × B/c)2 − (u · E)2/c2 ≈ √|E|2/|B|2 − |E|||2/|B|2 ≈

|E|/|B| sin Ψ (see, e.g., Kelner et al. 2015), where E|| is the electric field
component parallel to the magnetic field, and Ψ is the angle between B
and −E (the minus sign is used because we are interested in the pitch
angle of electrons). In the slow-rotation regime (see Eqs. (6a) and (6b)),
sin Ψ ≈ sin θ/(1−2M sin2 θ/r), so sin χ ≈ |E|/|B| sin θ/(1−2M sin2 θ/r).
The BH is indicated by the black disk. The background color map
indicates the electric field energy density (lighter colors means more
intense).

and spin of the BH. The most important point is that we obtain
the value of the irreducible mass of the BH that is kept constant
through the energy extraction process. This allows us to deter-
mine the time evolution of the BH mass and spin. This can be
achieved by fulfilling the three following conditions.

7.1. Condition 1

First, we require that the rotational energy of the BH provides
the energy budget for the observed GeV emission energetics,

Eextr ≥ EGeV, (20)

which via Eqs. (1) and (2) leads to the following inequality
between M, α, and EGeV:

M ≥ 1
η

EGeV

c2 , η ≡ 1 −
√

1 +
√

1 − α2

2
· (21)

We recall that the maximum value of the efficiency parameter
is ηmax ≈ 0.293, which is attained for a maximally rotating BH,
αmax = 1. It is also important to recall that, by keeping the BH
irreducible mass constant in the energy extraction process, we
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Fig. 4. Red data points: rest-frame 0.1−100 GeV luminosity light curve
of GRB 190114C during and after UPE phase obtained from Fermi-
LAT. Green dashed line: best fit for power-law behavior of the lumi-
nosity following the UPE phase with slope of 1.2 ± 0.04 and amplitude
of 7.75 ± 0.44 × 1052 erg s−1. Black data points: rest-frame 0.3−10 keV
luminosity expressed in the rest frame obtained from Swift-XRT. It fol-
lows a power-law behavior with an amplitude of AX = (5.14 ± 2.03) ×
1052 erg s−1 and a slope of αX = 1.37 ± 0.05.

are inferring a lower limit to the BH mass. An increasing Mirr
with time implies a higher BH mass to explain the same GeV
energetics.

7.2. Condition 2

We require that the GeV photons must be transparent to the mag-
netic e+e− pair creation process. The attenuation coefficient for
this process is (see Daugherty & Harding 1983 and Sect. 5 in
Ruffini et al. 2019a)

R̄ ∼ 0.23
e2

~c

(
~

mec

)−1

β sin 〈χ〉 exp
(
−4/3
ψ

)
, (22)

where ψ = β sin 〈χ〉 εγ/(2mec2). Substituting Eq. (17) into
Eq. (22), R̄ becomes a function of εγ and the product αβ. For
a given εγ and α, the lower the magnetic field, the larger the
mean free path R̄−1, as expected. When χ � 1, the exponen-
tial term dominates, hence R̄−1 exponentially increases tending
to become infinite. An order-of-magnitude estimate of the mag-
netic field can be obtained by requiring ψ � 1,

β � 16
9

e2

~c
1
α
≈ 1.298 × 10−2

α
, or B0 � 5.728 × 1011

α
G,

(23)

which is independent of the photon peak energy. It should be
noted that this constraint already restricts the magnetic field
to be undercritical (β < 1), and as we shall see it is suffi-
cient for explaining the GeV emission after the UPE phase. The
constraint (23) is analogous to imposing a lower limit on R̄−1.
For instance, adopting a photon energy of 0.1 GeV, it can be
checked that for α β = 1.298 × 10−2, the mean free path is
R̄−1 = 1.17×105 cm. Lower values of α β lead to much larger val-
ues of R̄−1. It is very interesting that this value is comparable to
GM�/c2 ≈ 1.477 × 105 cm. Therefore, requesting a value of α β
lower than the above-mentioned one, implies having a mean free
path that is much larger than the BH horizon. Specifically, the
high-energy photons are produced in the vicinity of the BH, but
they can freely escape from the system. If we adopt as a fiducial
value that 0.1 GeV photons have a sufficiently large mean free

path (e.g., R̄−1 ≥ 1016 cm), we obtain (Ruffini et al. 2019a)

β ≤ 3.737 × 10−4

α
, or B0 ≤ 1.649 × 1010

α
G. (24)

That we are in the exponentially increasing part of the mean free
path is evident by the fact that, by requesting a mean free path
which is 11 orders of magnitude larger than the one implied by
(23), our upper limit to the magnetic field is decreased less than
one order of magnitude. Therefore, our estimate of the magnetic
field is not sensitive to the choice of the value of R̄−1, providing it
satisfies &105 cm. This implies that the magnetic field strength of
the inner engine is constrained to have a value, roughly speaking,
in the range 1010−1011 G (see Fig. 5).

7.3. Condition 3

The third condition (i.e., the closure equation) is obtained by
requesting that the timescale of the synchrotron radiation, the
cooling time tc given by Eq. (18), be equal to the observed GeV
emission timescale (Ruffini et al. 2019a)

τrad,1 =
E1

LGeV,1
, (25)

where E is the electrostatic energy available for the process (see
Eqs. (7a) and (7b)). The subscript “1” refers to quantities eval-
uated at the beginning of the transparency of the GeV emission
(i.e., at the end of the UPE phase) at t = trf,UPE (see Sect. 8). We
refer to this as the first elementary impulsive event. Therefore,
the third equation of the system is

tc (〈χ〉 , α, β) = τrad,1
(
µ, α, β, LGeV,1

)
, (26)

where µ = M/M� and M� is the solar mass.
Therefore, having imposed these three conditions, we

obtain the three inner engine parameters from the system of
Eqs. (21), (24), and (26), as follows:
1. We adopt the equality in Eq. (21), which implies that we will

obtain a lower limit to the BH and spin;
2. We replace it into the equality of Eq. (24), which implies that

we are adopting the upper limit to the magnetic field strength
(for a given α);

3. We obtain the following expression for β as a function of α
and of the observables EGeV and LGeV (Ruffini et al. 2019a):

β = β(εγ, EGeV, LGeV,1, α)

=
1
α


64
9

√
3

e2

~c
εγ

B2
cr+(µ, α)3

LGeV,1

eBcc2


2/7

, (27)

where we have substituted Eq. (17) into Eq. (18) to express
tc as a function of the peak photon energy εγ, instead of the
pitch angle χ.

Therefore, the BH horizon r+ is a function of µ and α, but in
view of Eq. (21) it becomes a function of EGeV and α. Given the
observational quantities EGeV (integrated after the UPE phase)
and the luminosity LGeV,1 (at the end of the UPE phase), Eq. (27)
gives a family of solutions of β as a function of α. The solution
of this equation together with Eq. (24) gives the values of β and
α. With the knowledge of α and EGeV, we obtain µ from Eq. (21).

8. Application to GRB 190114C

We now turn to apply the above procedure to GRB 190114C.
For the observational properties of this source we follow the
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Fig. 5. Parameters of the inner engine of GRB 190114C. For this source
we have LGeV,1 = 1.47 × 1052 erg s−1 and EGeV = 1.8 × 1053 erg. Upper
panel: family of solutions of B0 as a function of α (blue curve), given
by Eq. (27). We use here a photon energy εγ = 0.1 GeV (lower edge of
the Fermi-LAT energy band). In the gray shaded region the mean free
path is R̄−1 < 1016 cm, while in the white shaded region it is R̄−1 ≥
1016 cm. The curve separating the two regions is therefore given by the
equality in (24). Lower panel: corresponding family of solutions M(α)
(red curve), given by Eq. (21).

results of Liang et al. (2019). The UPE phase has been shown
in that paper to end at the rest-frame time trf,UPE = 3.99 s, so we
limit our analysis to longer times. Therefore, for GRB 190114C,
we have trad,1 = trf,UPE = 3.99 s. The 0.1−100 GeV luminos-
ity observed by Fermi-LAT, at t ≥ trf,UPE, is well fitted by
a power-law function analogous to the case of GRB 130427A
(Ruffini et al. 2019a) (see our Fig. 4):

LGeV = A t−n = (7.75 ± 0.44) × 1052 t−(1.2±0.04) erg s−1. (28)

The associated integrated isotropic energy observed by Fermi-
LAT, from t1 = trf,UPE = 3.99 s to ∼104 s, is EGeV = (1.8 ±
1.3) × 1053 erg, and the luminosity at t = trad,1 is LGeV,1 = 1.47 ×
1052 erg s−1 (see Liang et al. 2019).

For the above numbers, and assuming the minimum energy
budget requirement, specifically assuming the equality in
Eq. (20), the inner engine parameters are (see Fig. 5) magnetic
field B0 ≈ 3.9 × 1010 G, and spin and BH mass α = 0.41 and
M = 4.45 M�, respectively. The corresponding BH irreducible
mass is Mirr = 4.35 M�. For the above spin value, Eq. (17) leads
to a pitch angle for the emission of 0.1 GeV photons, θ ≈ π/9.

The inequality (20) implies that the above mass and spin val-
ues of the BH must be considered as lower limits. As we show
in Sect. 6, the inner engine can be long-lasting so it can continue

to emit and so will eventually radiate more than the observed
EGeV that we have used limiting ourselves to the first 104 s of
emission. However, in view of the power-law behavior of the
GeV luminosity, most of the energy is emitted in this early evo-
lution so the BH parameters do not change significantly if we
consider the extrapolation of the energy budget. For example,
let us assume that the power-law luminosity (28) extends for
1000 yr. This would increase the total GeV energy radiated by
25%, and recalculating all the parameters we obtain α = 0.46,
M = 4.50 M�, and Mirr = 4.38 M�.

9. Comparison with previous literature

9.1. Long GRBs in the traditional model

We first recall some key features of the traditional model of
long GRBs. To this end, we are facilitated by the book by Bing
Zhang (Zhang 2018), which includes an extensive number of ref-
erences. The traditional GRB model roots can be found in the
papers by Rees & Meszaros (1992), Mészáros & Rees (1997),
and Woosley (1993). The model proposed by Rees & Meszaros
(1992) is based on a single system: GRBs are explained by a
single BH from which an ultrarelativistic blastwave originates
and whose expansion follows the Blandford–McKee self-similar
solution (Blandford & McKee 1976). Woosley (1993) connected
the GRB origin to a Kerr BH emitting an ultrarelativistic jet that
originates from matter accretion onto the BH. The BH was pro-
posed to form from the direct collapse of a massive star, called
a failed SN or a “collapsar”, leading to a BH in the mass range
5−10 M�.

In these models the afterglows are explained via the kinetic
energy of the ultrarelativistic blastwave, which can reach very
high bulk Lorentz factors, Γ ∼ 1000, to be released when it
interacts with the circumburst medium (Waxman & Piran 1994;
Sari & Piran 1995; Wijers et al. 1997; Sari 1997; Sari et al.
1998). The observed spectrum is proposed to be produced by
synchrotron and synchrotron self-Compton (SSC) emission from
accelerated electrons during the deceleration of the ultrarelativis-
tic blastwave radiating at distances 1016−1018 cm. As pointed out
by Zhang (2018), these models based on a ultrarelativistic blast-
wave radiating at distances 1016−1018 cm have been applied to
jointly explain in the jetted emission several observations:
1. the X-ray afterglow, the steep and shallow decay of the

luminosity in the Nousek-Zhang phase (Nousek et al. 2006;
Zhang et al. 2006), the X-ray flares and the gamma-ray
flares;

2. the emission in the MeV and in the keV observed by the
Neils Gehrels Swift Observatory, as well as the emission in
the optical and in the radio, as well as the emission in the
TeV recently observed by MAGIC (Mirzoyan et al. 2019;
MAGIC Collaboration 2019a,b);

3. the high-energy (GeV) emission observed in some long
GRBs by Fermi-LAT.

Within the traditional model, all the above emissions are
explained using solely the kinetic energy of the ultrarelativis-
tic blastwave with Γ ∼ 103, and radiating at 1016−1018 cm. It
becomes clear that, requiring to the single kinetic energy of an
ultrarelativistic blastwave to account for the entire energetics of
all the observed radiation, at all wavelengths, from the prompt to
the afterglow, results in an extreme request to the energy reser-
voir of the GRB engine.

Within the traditional collapsar-fireball model, the presence
of a mildly relativistic expanding component has been intro-
duced in Ramirez-Ruiz et al. (2002), called a cocoon, which
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moves sideways to the jet. However, as is clearly elucidated
in Nakar & Piran (2017; see also references therein), the emis-
sion in the X-rays from this cocoon is too low with respect to
be observed X-ray afterglow of long GRBs, unless the cocoon
Lorentz factor becomes Γ > 10. The possibility of a mildly rel-
ativistic component in the traditional model is interesting for its
implications for the nature of the low-energy sources such as
GRB 060218 (see, e.g., Nakar 2015). These sources have ener-
gies 1049−1051 erg, which is the range of energies of BdHNe II
and III. However, this is beyond the scope of this article, which
is dedicated to BdHNe I, which are characterized by the energy
range 1052−1054 erg. In conclusion, an explanation of the X-ray
afterglow in the traditional model needs ultrarelativistic values
of the Lorentz factor (see also Zhang 2018, for a review on the
subject).

9.2. Long GRBs in the BdHN model

As we note in Sect. 1, the BdHNe have a binary progenitor com-
posed of a CO star and a companion NS. The GRB is composed
of independent physical process identified by a time-resolved
spectral analysis. Some key results are the following:
1. In the analysis of the data of the XRT detector on board the

Neils Gehrels Swift satellite of the gamma-ray flare, the X-
ray flares, the flare-plateau, and the early afterglow phases
(the Nousek-Zhang phase), after the ultrarelativistic prompt
radiation phase, showed that the emitter in these phases is
in mildly relativistic expansion with Γ . 5 (see Ruffini et al.
2018a, for details). A similar upper limit Γ . 3 was obtained
in the case of GRB 151027A (Ruffini et al. 2018b), and for
GRB 130427A the corresponding upper limit on the bulk
Lorentz factor is Γ . 2 (Ruffini et al. 2018c). Therefore,
these stringent upper limits on Γ exclude any ultrarelativis-
tic motion following the UPE phase, contrary to the predic-
tion of traditional GRB models based on the ultrarelativistic
blastwave.

2. The high-energy GeV emission follows from the action
of the inner engine presented in this work, powered by
the BH rotational energy extraction process. In the case
of GRB 190114C studied in this work, this corresponds to
trf & 3.99 s (see Fig. 4 and Liang et al. 2019). It is charac-
terized by an afterglow in the GeV radiation which, when
expressed in the rest frame, follows a power-law luminos-
ity (see Eq. (28) and Fig. 4), and it carries an energy of
EGeV = (1.8 ± 1.3) × 1053 erg.

3. In parallel, the X-ray afterglow emission observed by the
Swift satellite originates from the synchrotron radiation pro-
duced in the expanding SN ejecta, threaded by the magnetic
field of the νNS, and aided by the injection of particles
and the pulsar-like radiation from the νNS into the SN
ejecta (Ruffini et al. 2018c; Wang et al. 2019; Rueda et al.
2020). These processes are mainly powered by the rotational
energy of the νNS and have led to a significant progress
in understanding the origin of the X-ray afterglow emis-
sion (see, e.g., the case of GRB 130427A in Ruffini et al.
2018c, and GRB 160509A, GRB 160625B, GRB 180728A,
and GRB 190114C in Rueda et al. 2020). In these analyses
the spin of the νNS and the strength and structure of its mag-
netic field have been inferred. In the case of GRB 190114C,
the luminosity expressed in the rest frame follows a power-
law behavior LX = AXt−αX , where AX = (5.14 ± 2.03) ×
1052 erg s−1 and αX = 1.37 ± 0.05 and carries an energy
EX = 2.11× 1052 erg; see Fig. 4 (Ruffini et al. 2021; see also
Liang et al. 2019). This interpretation of the X-ray afterglow

in the BdHN model conforms with the observational upper
limits on the Γ factor of the X-ray afterglow emitter summa-
rized in point 1 above (see Ruffini et al. 2018a, for details).

In this way, being the total energetics divided into the different
components of the system and their associated different physical
phenomena, the energetic request to each emission episode in
the BdHN becomes affordable.

9.3. Process of BH energy extraction

Having indicated the main differences between the traditional
GRB model and the BdHN model regarding the X-ray and the
GeV afterglow emissions, we focus now on the mechanism of
the high-energy (GeV) emission, which is intimately related to
the physics of the GRB central engine.

There is a vast literature devoted to magnetic fields around
BHs and how they may act in a mechanism that could extract
the rotational energy of a Kerr BH. An early attempt in the
absence of a charge by a matter-dominated magnetized plasma
accreting in a disk around a pre-existing Kerr BH was presented
in Ruffini & Wilson (1975). The effective potential describing
the circular orbit of massive particles around a Kerr BH was
adopted (see Ruffini & Wheeler 1971b, in problem 2 of Sect. 104
in Landau & Lifshitz 1975). The infinite conductivity condition,
Fµνuν = 0, where Fµν is the electromagnetic field tensor and uν
the plasma four-velocity, was used there leading to E · B = 0.
Under these conditions, the acceleration of particles and pro-
cesses of energy extraction were not possible.

This work was further developed by Blandford & Znajek
(1977); in order to overcome the condition E · B = 0 in the mag-
netosphere, they adopted the concepts of gaps and spontaneous
e+e− pair creation, closely following the seminal ideas of pulsar
theory by Sturrock (1971) and Ruderman & Sutherland (1975).
They imposed a force-free condition, FµνJν = 0, where Jν is
the current density, as well as gaps outside the BH horizon. The
aim was to produce an ultrarelativistic matter-dominated plasma
whose bulk kinetic energy could be used to explain the energet-
ics of a jet at large distances from the BH.

There is also another direction in the literature following the
work of MacDonald & Thorne (1982). It extends the work of
Blandford & Znajek (1977) and looks at the problem of matter-
dominated accretion in presence of a magnetic field anchored to
a rotating surrounding disk. Specifically, they proposed an anal-
ogy of a rotating BH immersed in a magnetic field with a rotating
conductive sphere and/or with the analogy of such a BH and the
surrounding magnetosphere as an electric circuit. Independent of
the analogies, the underlying physical system remains the same
as that proposed by Blandford & Znajek (1977).

The present model is mainly motivated by fitting the GeV
emission of GRBs. There is no matter-dominated disk accre-
tion. There is instead a very low-density ionized plasma fulfilling
an acceleration electrodynamical process around a newly born
BH. We use the Papapetrou-Wald solution in which the elec-
tromagnetic field is naturally characterized by regions where
E · B , 0 (see Sect. 2, Fig. 1, and Wald 1974). This feature
naturally allows the acceleration of particles without the need
of introducing any gaps. There is no ultrarelativistic matter-
dominated plasma outflow. The accelerated charged particles
emit synchrotron-radiation photons that carry off energy and
angular momentum close to the BH. The BH in our scenario
is not pre-existing: it is smoothly formed by the hypercritical
accretion onto the binary companion NS. The magnetic field,
characterizing the Papapetrou-Wald solution, is amplified during
the process of gravitational collapse of the binary companion NS
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(Rueda et al. 2020). There is no room in this model for the grav-
itational stable circular orbits around the Kerr BH. The particles
are accelerated by an ultrarelativistic electrodynamical process.

Our description is also different with respect to recent GRB
literature. For instance, in Metzger et al. (2011), Beniamini et al.
(2017), and references therein, the presence of a magnetized
wind, outflow, or jet is powered by a central engine. In these
works the engine is represented by a NS endowed with an ultra-
high magnetic field, a magnetar, that loses its rotational energy
via magnetic-dipole braking, in complete analogy to pulsars. The
magnetar powers the outflows that produce the GRB emission at
large radii on the order of 1015 cm. These models focus on the
explanation of the (MeV) GRB prompt and the (X-ray) after-
glow emission using the rotational energy of a magnetar, so they
do not look either to the physics of BHs, or to the GeV emission
that are the topics of the present article.

The understanding of the complex nature of a BdHN requires
the knowledge of different episodes, which in some cases are
strictly independent, and their description can occur indepen-
dently of each other.

For instance, the existence of hyper-energetic SN, the
SN-rise, radiates off 1052 erg in the case of GRB 190114C
(Liang et al. 2019). In parallel, the interaction of the SN ejecta
with the magnetic field of the νNS and its pulsar-like emis-
sion, explain the observed X-ray afterglow (Ruffini et al. 2018c;
Wang et al. 2019; Rueda et al. 2020). This emission is produced
at distances 1012−1016 cm from the binary progenitor.

In the present work we address the most energetic GRB com-
ponent, the GeV emission originating close to the horizon, at
distances of 106 cm, starting in the case of GRB 190114C at a
rest-frame time of 3.99 s after the trigger.

After the clarification of these concepts, we will be ready
to describe the optically thick sub-MeV emission in the time
interval 1.99−3.99 s, which comprises the 55% of the energy of
GRB 190114C, overcoming the compactness problem using our
classic approach of the fireshell model (see Ruffini et al. 1999,
2000; Bianco et al. 2001; Moradi et al., in prep.).

10. Conclusions

The inner engine theory applied in this work to GRB 190114C
represents an authentic full paradigm shift from the tradi-
tional model of long GRBs based on the emission of an ultra-
relativistic blastwave, somehow powered by a Kerr BH. It
seems too expensive for nature to accelerate matter in bulk,
against the gravitational pull of the BH, to a large distance of
∼1016−1017 cm and with Γ ∼ 103 to guarantee the transparency
of high-energy radiation. For instance, the explanation of the
GRB 190114C high-energy emission needs an ultrarelativistic
blastwave with a kinetic energy on the order of 1055 erg (see,
e.g., MAGIC Collaboration 2019a,b). It is clear that such energy
cannot be powered by extracting the rotational energy of a Kerr
BH of a few M�, which will be a few 1053 erg (see Eq. (21)).

We have shown that the inner engine can nicely explain
the GeV emission by accelerating electrons in the vicinity of
the Kerr BH, which radiate their kinetic energy gain via syn-
chrotron emission. The number of particles needed by the inner
engine to explain the observed high-energy emission is rela-
tively low. Let us adopt the derived inner engine parameter for
GRB 190114C: M = 4.4 M�, α = 0.4, and B0 = 4 × 1010 G.
For instance, from Eq. (17) we obtain that for this α a photon
peak energy of 10 GeV is obtained for an electron pitch angle
χ ≈ 0.2◦ (see also Fig. 2). Using Eq. (16), this implies an elec-
tron Lorentz factor γ ≈ 6.76 × 104, which corresponds to an

electron energy εe = γme c2 ≈ 5.53 × 10−2 erg = 3.45 × 1010 eV.
Therefore, the number of such electrons needed to power the
GeV emission of total energy EGeV = 1.8× 1053 erg ≈ 0.1 M�c2,
is Ne = EGeV/εe = 3.25 × 1054, which for ionized matter implies
a mass of mpNe ≈ 2.73 × 10−3 M�, where mp is the proton mass.

Therefore, the inner engine uses a more efficient electrody-
namical process that produces observable high-energy emission
in the vicinity of the BH. In fact the acceleration is not based
on a bulk-expanding motion. Every single electron is acceler-
ated from its initial velocity up to an asymptotic value defined
by the maximum electric potential energy available for their
acceleration, which depends only on the external magnetic field
strength and the BH spin parameter; see Eqs. (8a) and (8b).
These accelerated electrons radiate mainly at high energies in
the GeV domain. The radiation of the inner engine (e.g., at keV
to MeV energies) is negligible (with respect to the observed
values). The observed radiation in the keV to MeV energy
domains is explained by a different mechanism in a BdHN I;
see (Rueda et al. 2020). The observed luminosity of GeV allows
us to estimate the mass and spin of the BH.

We have determined the parameters of the inner engine of
GRB 190114C using only the GeV emission data after the UPE
phase. We asked the system to satisfy three physical conditions.
First, that the GeV energetics is paid by the extractable energy
of the BH (see Eq. (21)); second that the system is transpar-
ent to GeV photons produced by the synchrotron radiation of
the accelerated electrons (see Eq. (24)); and third that the syn-
chrotron radiation timescale explains the observed GeV emis-
sion timescale (see Eq. (26)) with the aid of Eq. (18). In order
to be fulfilled, this last constraint implies that the GeV emission
is emitted from electrons being accelerated with the appropri-
ate pitch angles (see Figs. 2 and 3). These pitch angles occur
within a cone of approximately 60◦ from the BH rotation axis
(see Fig. 3), which is a key result for the interpretation of the
morphology of the BdHN I (Ruffini et al. 2021).

From this procedure, we have obtained the inner engine
parameters of GRB 190114C: B0 ≈ 3.9 × 1010 G, α ≈ 0.41,
and M = 4.45 M�. The corresponding irreducible mass of the
BH is Mirr = 4.35 M�. It is worth recalling that both Mirr and
B0 are kept constant and this should be all over the evolution.
The corresponding BH parameters for GRB 130427A are dimen-
sionless spin α = 0.47, mass M = 2.3 M�, and irreducible mass
Mirr = 2.2 M� (Ruffini et al. 2019a). The above are the first two
BH masses derived directly from the GRB observations, and in
both cases they are above the theoretical values of the NS crit-
ical mass enforcing the validity of the BdHN I model: the BH
are formed by smooth hypercritical accretion of the HN ejecta
on the NS binary companion.

Since here we only used the GeV emission data, the BH
parameters that we have obtained, namely mass and spin, have to
be considered as lower limits. Thus, it is clear that even a slightly
higher mass (or spin) of the BH can guarantee even larger and
longer emission of the inner engine.

Our analysis paves the way to additional research; the data
from the different energy bands (e.g., the higher energy bands;
MAGIC Collaboration 2019a,b) might provide additional infor-
mation on the energy distribution of the electrons injected by
the electric field into the magnetic field, and on the pitch angle
distribution for the synchrotron emission. Figure 3 shows, for
the electromagnetic field configuration of the Papapetrou-Wald
solution (see Fig. 1), the contours of constant pitch angle and
constant electric energy density.

Before concluding, it is worth recalling some crucial aspects
of the inner engine here applied to the case of GRB 190114C.
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The nature of the emission results from considering the physi-
cal process leading to the electric and magnetic fields and the
BH formation (see Sect. 3 and Rueda et al. 2020). This is funda-
mental to show that the emission process leading to the observed
luminosity is not continuous, but discrete. The timescale of the
emission in GRBs is too short to be probed directly by current
observational facilities. Direct evidence of the value and dis-
creteness might come instead from the observation of large BHs
of 108−1010 M� in AGN. For instance, in the case of M 87*, for
fiducial parameters M = 6 × 109 M�, α = 0.1, and B0 = 10 G,
the inner engine theory predicts a high-energy (GeV) emission
with a luminosity of a few 1043 erg s−1, with a timescale of up
to tenths of seconds (see Table 2). Emission at higher ener-
gies (e.g., in the TeV band), would be characterized by a lower
luminosity and a longer timescale. The timescale for UHECR
emission is instead approximately half a day (see Table 2 and
Rueda & Ruffini 2020).

We can therefore conclude, in the light of the results of this
article and the previous articles in this series, that all BdHN I are
powered by three independent sources of energy. The BdHN I is
triggered by the SN explosion originating from the collapse of
the COcore generating a νNS. The accretion of the SN onto the
νNS (see Sect. 9.2 and Ruffini et al. 2018c; Wang et al. 2019;
Rueda et al. 2020), gives origin to the X-ray afterglow observed
by Swift. The hypercritical accretion of the SN onto the binary
companion NS gives origin to the BH as soon as the NS reaches
the critical mass. This smooth accretion process is alternative to
the direct gravitational collapse of a massive star. This happens
in GRB 190114C at trf = 1.99 s. The further accretion of the SN
ejecta onto the newly born BH generates the prompt gamma-ray
radiation observed in GRB 190114C between 1.99 s and 3.99 s
(Moradi et al., in prep.). The further accretion of the SN ejecta
onto the newly born BH leads to a process of energy extrac-
tion from the inner engine that generates the jetted high-energy
(&GeV) emission. This radiation, as is shown in this article using
the Papapetrou-Wald solution (see Sect. 2), is emitted close to
the BH horizon and within an angle of nearly 60◦ from the BH
rotation axis (see Sect. 5 and Fig. 3).
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