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BLACK HOLES, SUPERNOVAE AND GAMMA RAY BURSTS

REMO RUFFINI

Dip. di Fisica, Sapienza University of Rome and ICRA
Piazzale Aldo Moro 5, I-00185, Rome, Italy
ICRANEet, Piazzale della Repubblica 10, [-65122 Pescara, Italy
Université de Nice Sophie Antipolis, Nice, CEDEX 2
Grand Chateau Parc Valrose
E-mail: ruffini@icra.it

I review some recent progress in understanding the nature of Gamma Ray Bursts (GRBs)
and in particular, of the relationship between short GRBs and binary neutron stars,
as well as long GRBs and Supernovae (SNe). The coincidental occurrence of a GRB
with a SN is explained within the Induced Gravitational Collapse (IGC) paradigm in a
prototypical case. The following sequence is shown to occur: 1) an initial binary system
consists of a compact Carbon-Oxygen (CO) core star and a Neutron Star (NS); 2) the
CO core explodes as a SN, part of the SN ejecta accretes onto the NS which reaches
its critical mass and collapses to a Black Hole (BH) giving rise to a GRB; 3) a new NS
is generated by the SN as a remnant; 4) after ~ 13 days in the GRB cosmological rest
frame the supernova is observed. The observational consequences of this scenario are
outlined and the first example of a genuine short GRB is described.

1. Introduction

Supernovae (SNe) have been known and studied for a long time, from 1054 A.D.,
to the classic works of Baade and Zwicky in 19342 and of Oppenheimer and his
students in 1939, to the detection of a pulsar at the center of the Crab Nebula in
1968.

Observations of GRBs only date from the detection by the Vela satellites in the
early 1970s, see e.g. Ref. (3) and references therein. It has only been after the obser-
vations by the Beppo-SAX satellite (see e.g. F. Frontera in these same proceedings),
which have allowed the optical identification of GRBs, that their enormous energet-
ics, 103-10% times larger than those of SNe, have been determined: energies of the

0%* erg, equivalent to the release of ~ Mgc? in few tens of seconds. Our

order of 1
theoretical understanding had reached, at that time, a conclusion that supernovae
originate from the gravitational collapse leading to the formation of a neutron star
and that GRBs have to originate from the formation of a black hole.*

This situation has become even more interesting after the observation of a tem-
poral coincidence between the emission of a GRB and a SN, see e.g. GRB 980425°
and SN 1998bw.% The explanation of this coincidence has led our group to intro-
duce the Induced Gravitational Collapse (IGC) paradigm, a many-cosmic-body-
interaction, and consequently to introduce a Cosmic Matrix: a C-Matrix; see Fig. 1.
The many-particle interaction in the S-Matrix is confronted with this new concept
of C-Matrix involving a many-body interaction among astrophysical systems. This
unprecedented situation has lead to the opening of a new understanding of a vast
number of unknown domains of physics and astrophysics.
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S-matrix C-matrix
i I Neo Neutron Black Hole
Star
T~10°s T~200s
et e Stellar Neutron
Core Star

Fig. 1. The new concept of “C-Matrix”, compared with the usual S-Matrix.

1.1. CRAB — pulsars and NS rotational energy

Of all the objects in the sky none has been richer in results for physics, astronomy
and astrophysics than the Crab Nebula. In the 1054 A.D. a guest star was observed
by Chinese, Japanese and Korean astronomers. The nebula itself was not identified
as the Crab nebula till 1731, and not associated with that supernova until the last
century (see e.g. the book by Shklovskij”). The Crab nebula has been of interest
to astronomers, and later astrophysicists and theoretical physicists ever since, even
very recently, see e.g. the discovery by Agile of the giant flare discovered in Septem-
ber 2010.8 It was only in 1968 that a pulsar was discovered at its center following
the predicted existence of rapidly rotating NSs by John A. Wheeler.?

Nevertheless, there still remains to explain an outstanding physical process
needed to model this object: the expulsion of the shell of the SN during the process
of gravitational collapse to a NS remains an outstanding unresolved problem. We
are currently gaining some understanding of the physical processes governing the
formation of NSs, motivated by the research on GRBs and BH formation which is
being fully exploited to this end at the present time.

Paradoxically the study of BHs was started after the discovery of the NS in the
Crab Nebula. This study and the understanding of BH formation and consequently
of the emission of GRBs is likely to lead, in this Faustian effort to learn the laws of
nature, to the understanding of the process of NS formation and the expulsion of
the remnant in the SN explosion.

That NSs exist in nature has been proven by the direct observation of Pulsars.
The year 1967 marked the discovery of the first pulsar, observed at radio wavelengths
in November 28, 1967 by Jocelyn Bell Burnell and Antony Hewish.!® Just a few
months later, the Pulsar NP0532 was found in the center of the Crab Nebula (see
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Fig. 2. Hubble Space Telescope photograph (2005) of the Crab Nebula.

Fig. 2) and observed first at radio wavelengths and soon after at optical wavelengths
(see Fig. 3).

The Crab Nebula Pulsar

Fig. 3. The sequence of black and white images on the right is separated by one millisecond
intervals, from which it is clear that the left star is a pulsar with a period of P = 33 milliseconds.
This period changes with a rate dP/d¢ of 12.5 microseconds per year. The fact that the loss of
rotational energy of a neutron star with moment of inertia I is given by dF/dt oc —I(1/P3)dP/dt
explains precisely the energetics of the pulsar and proves at once the existence of NSs.11

The discovery of NSs led our small group working around John Wheeler in
Princeton to direct our main attention to the study of continuous gravitational

page 244
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collapse introduced by Oppenheimer and his students (see Fig. 4). The work in
Princeton addressed the topic of BHs, Gravitational Waves (GWs) and cosmology.
A summary of that work can be found in Refs. (12,13), where a vast number of
topics of Relativistic Astrophysics was reconsidered, including the possible sources
of GWs, the cross-sections of GW detectors, and especially, an entirely new family
of phenomena occurring around NSs and BHs and in cosmology.

Princeton, 1971

Fig. 4. Standing to the left Tullio Regge, sitting on the desk myself and sitting on the chair John
Wheeler.

1.2. The BH mass-energy formula

One of the most important results in understanding the physics and astrophysics of
BHs has been the formulation of the BH mass-energy formula (see Fig. 5). From this
formula, indeed, it became clear that up to 50% of the mass-energy of a BH could
be extracted by using reversible transformations.'* It then followed that during the
formation of a BH, some of the most energetic processes in the Universe could exist,
releasing an energy of the order of ~ 10%* erg for a 1M BH.

1.3. The VELA and CGRO satellites and GRBs

In Ref. (15) I described how the observations of the Vela satellites were fundamental
in discovering GRBs, see Fig. 6. Just a few months after the public announcement
of their discovery,® with T. Damour, a collaborator at Princeton, I formulated a
theoretical model based on the extractable energy of a Kerr-Newmann BH through
a vacuum polarization process as the origin of GRBs, see Fig. 7. In our paper,* we
pointed out that vacuum polarization occurring in the field of electromagnetic BHs
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The Black Hole Mass-Energy formula

2]

2 2 - iz

m® = ( my + +—,
dmg, 4mg, 5" Texas Symposium, 1970
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12 et
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Christodoulou,

Ruffini, 1971

Fig. 5. The black hole mass-energy formula.

VELA GAMMA RAY
EVENT 70-2

1970 AUGUST 22
60570 SEC UT

sA

H. Gursky & R. Ruffini, AAAS,
S. Francisco, 1974

Fig. 6. The Vela satellites, see e.g. the Ian Strong chapter in Ref. (3).

could release a vast ete™ plasma which self-accelerates and gives origin to the GRB
phenomenon. Energetics for GRBs all the way up to ~ 10%° ergs was theoretically
predicted for a 10 Mg BH.'® The dynamics of this e~e* plasma was first studied by
J.R. Wilson and myself with the collaboration of S.-S Xue and J.D. Salmonson.!7-!®

Initially it was difficulty to model GRBs to understand their nature since their
distance from the Earth was unknown, and thousands of models were presented!®
attempting to explain the mystery they presented.
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Quantum Electrodynamical Effects in Kerr-Newmann Geometries

Thibaut Damour*
Joseph Henry Physical Labovalories, Princeton Universily, Princeton, New Jersey 08540

and

Remo Ruffinif
for A Study, Princet New Jersey 08540
(Received 13 January 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 electromagnetic fields is given together
with an analysis of the feedback of the discharge on the geometry. The relevance of this
analysis for current astrophysical observations is mentioned.

and possibly of galactic nuclei. In particular

this work naturally leads to a most simple model
for the explanation of the recently discovered y-
rays bursts,'® It is desirable that possible coin-

Expected energy: ~10™ (M /M_ ) erg

Fig. 7. The classic paper Ref. (4) by Damour and myself on the extractable energy of a Kerr-
Newmann BH through vacuum polarization.

The launching of the CGRO Satellite with the BATSE detectors on-board (see
Fig. 8) led to the following important discoveries:

(1) the homogeneus distribution of GRBs in the Universe (see Fig. 8);
(2) the existence of short GRBs lasting less than a second (see Fig. 9); and
(3) the existence of long GRBs, lasting more than one second (see Fig. 9).

BATSE detectors
on the Compton satellite

107 10 10
Fluence, 50-300 keV (ergs o)

Fig. 8. The BATSE detectors on-board the Compton satellite (taken from the NASA website
http://science.nasa.gov/science-at-nasa,/1997/ast15jan97).

page 247
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Fig. 9. Short and long GRB light curves and their temporal distribution from the 4* BATSE
catalog, Ref. (20)

The crucial contribution to interpreting GRBs came from the Beppo-SAX (see
e.g. F. Frontera in these same proceedings) satellite which led to a much more
precise definition of their position in the sky obtained using a wide field X-ray
camera and narrow field instrumentation. This enabled the optical identification
of GRBs and the determination of their cosmological redshift, and consequently

0% erg, precisely the one

of their energetics, which turned out to be up to ~ 1
predicted by Damour and myself in Ref. (4). Since that time no fewer than ten
different X- and ~v-ray observatory missions and numerous observations at optical
and radio wavelengths have allowed us to reach a deeper understanding of the nature
of GRBs.

After reviewing in the next paragraphs some recent theoretical progress moti-
vated by the study of GRBs, I will describe the analysis of the GRB 090618 in the
fireshell scenario?! and illustrate the first application of the IGC paradigm to it.??
I will indicate some recent results on a possible distance indicator inferred from a
GRB-SN correlation within the IGC paradigm,?? then giving some additional evi-
dence coming from the identification of the neutron star created by the SN and its
use as a cosmological candle. Finally I will turn to the first example of a genuine
short GRB 090227B.2*

2. Some Recent Theoretical Progress

I would like just to present some key images and cite corresponding references to
articles documenting some crucial progress we have made that is propedeutic for
understanding the physics and astrophysics of GRBs.
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2.1. Mass, charge and angular momentum in a Kerr-Newmann
BH: the Dyadotorus

Fig. 10 summarizes the difference in analyzing the Kerr-Newman BH between the
original paper of B. Carter?® and our current approach to the physics of the Dyado-
torus. In Carter’s approach attention was focused on geodesics crossing through the
horizon of an eternally existing BH and reaching either the BH singularity or ana-
lytic extensions to other asymptotically flat space-times. Instead our approach has
been directed to the fundamental physical processes occurring outside the horizon
of a BH and to their possible detection in the dynamical phases of BH formation.'®
Our major focus has been to understand the quantum processes leading to vacuum
polarization and pair creation and the resulting dynamical expansion to infinity.
This mechanism is essential to extract energy from the BH, an amount which can
be as high as 50% of its total mass energy as already mentioned above. To reach a
theoretical understanding of this problem, it was necessary to introduce the Dyado-
torus, see Fig. 10.

Mass, charge and angular momentum:
the Kerr-Newman Black Hole

Cherubini, Geralico, Rueda, Ruffini, PRD 79, 124002 (2009). Carter, Phys.Rev., 174, 1559 (1968)
Ruffini, Vereshchagin, Xue, Phys.Rep. 487, 1 (2010).

Fig. 10. On the left: the Dyadotorus as introduced in Ref. (26); on the right: the space-time
diagram representing the region inside the horizon of a Kerr-Newman BH Ref. (25).

2.2. Thermalization of an electron-positron plasma

A key result was obtained by analyzing the evolution of the e*e™ plasma created
in the Dyadotorus by vacuum polarization. Cavallo and Rees?” envisaged that the
sudden annihilation of the eTe™ pairs and the expansion of such thermal energy
in the CircumBurst Medium (CBM) would lead to an explosion very similar to an
H-bomb, a scenario identified as the Fireball model.
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By considering the essential role of three-body interactions, we have proven
with Aksenov and Vereshchagin that the ete™ pairs do not annihilate all at once
as claimed by Cavallo and Rees?” but they thermalize with the photons?® and keep
expanding in a shell until transparency of the ete™ plasma is reached,?® a new
paradigm for GRBs called the Fireshell model.

Thermalization of e*e’y plasma

Starting with a pure
e’e” configuration

Dotted lines: Neglecting

inverse 3-body interactions
(Cavallo & Rees, 1978).

Solid lines: Considering

inverse 3-body interactions
(Aksenov, et al., 2007).

Starting with a pure i
y configuration 102170_18 p

Aksenov, Ruffini, Vereshchagin,

(;-17 10'-15 1t0I-15 10'-14 10‘-13 10-12
.S

PRL, 99, 125003, (2007)

Fig. 11. The thermalization of a pure ete™+ plasma, taken from Ref. (28).

2.3. The new approach to analyzing NS equilibrium configurations
in a unified approach encompassing all fundamental
interactions

A new approach to NS equilibrium configurations was advanced in recent years by J.
Rueda, myself and many students. It has evolved into a much more complete model,
fulfilling the criteria needed conceptually for the description of NSs.2%:3! The initial
description of a NS was given by Gamow as a system entirely composed of neutrons
governed by both Fermi statistics and Newtonian gravity but, in the best tradition
of Gamow style, full by innumerable computational mistakes. The extension of this
model to general relativity was made by Oppenheimer and his students, leading
to the classic Tolman-Oppenheimer-Volkoff (TOV) equilibrium equations.3?3% This
was then extended to a system of three degenerate gases of neutrons, protons and
electrons and solved by John Wheeler and his students and collaborators.” However,
they assumed local charge neutrality for mathematical convenience. It was later re-
alized that a more complete description was needed, since the previous analyses
violated basic thermodynamic and general relativistic conditions required for con-
servation of the Klein potential.®* A new more complete treatment appeared to be
needed involving in a self-consistent way all the fundamental forces. A new model
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has since emerged, extending the general relativistic Thomas-Fermi equations to
the strong and weak interactions throughout the entire NS?! (see Fig. 12-14). This
complete model satisfies instead global charge neutrality of the entire configuration
and not strict local charge neutrality, an erroneous assumption usually made in the

existing literature on NS models.

The Oppenheimer-Volkoff Neutron Star

dM(r) s p(r) dP(r) _ Glp(r) + P(r)/c?)[dnr® P(r)/c® + M(r)]
A 721 — 2GM(1)/ ()]
08
T
i 0.7
0.6
4 ,
/ 505
§ 3 § 04
= =
2 0.3
| 02
/\_’__ o1 TOV Equations
0 10'2___ 10 10'° 10" 10" 10t 10° 10 107

p (g/cm’)

Fig. 12. The Oppenheimer-Volkoff NS, see Ref. (33).

Generalizing to the Strongly Interacting Case

Einstein-Maxwell-Thomas-Fermi with
e 1
sigma-omega-rho Model T = FIoF™ + 10" FupF* %

@A) (i+ 1"’/) _1_ _srem,
;

)] = —ce/2eM (ny — ne).

27 v dr
AV dV [2 1 (dv _d)
i (E e
o do[2 1
W*m[? 3
Po  de2 1
@zt [' 32

2
ro2

dr " dr
v dX

dr dr

v

a? T dr |F T2 \dr T ar
Ee=

E,

Py +Vp = constant

E, = e"/*ji, +V, = constant,

e 7)] = e [@,U(a) + gan] »

/2y, — eV = constant,

(Rueda, Ruffini, Xue, Nucl. Phys. A 872, 286, 2011)

dv A\ __a g,
(F £ T)] =~ o s —miu], Nucleon Potentials

Pp dp[2 1 (dv d
B (- 2)] = - ot -

p (g/em®)

Energy-Momentum Tensor

T4 = V*oV'o — g [évna\‘"a - ua;} 3
12 = 0,0 4 L0 (‘,.*_u - g"u,.w) )

1 2 1
e = s e (e~ )

Constancy of Klein Potentials (Generalized,

l Non-local Particle Chemical Potentials)

Fig. 13. From Ref. (35).

With this short summary of the most relevant conceptual and theoretical issues,

I move to the GRB understanding in the fireshell model.
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Neutron Star Equilibrium Configurations

(Belvedere, Pugliese, Rueda, Ruffini, Xue, Nucl. Phys. A 883, 1, 2012)
|

- 0 100 200 300 400 500 600 700
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— —— protons

- electrons|§
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=1 v =" f""" 1800
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Fig. 14. From Ref. (31).

3. The Fireshell Versus the Fireball Model

3.1. The GRB prompt emission in the Fireball scenario

A-17

A variety of models have been developed to theoretically explain the observational

properties of GRBs, among which the Fireball model%

is one of those most often

used. In Refs. (27,37,38) it was proposed that the sudden release of a large quantity
of energy in a compact region can lead to an optically thick photon-lepton plasma
and to the production of ete™ pairs. The sudden initial total annihilation of the
ete™ plasma was assumed by Cavallo and Rees,?” leading to an enormous release

of energy pushing on the CBM: the “fireball” (see Fig. 15).

The traditional “Fireball” model

GRB FIREBALL MODEL ",

\

short GRB

compact f\
merger \j

E ~\1051-1054 er

Pre-Burst—"~

LOCAL MEDIUM

014 em T~10
R~10!%em R"3’§4

£
[)'/= 1em3

Fig. 15. The traditional “Fireball” model. See e.g. Ref. 39 and references therein.
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An alternative approach, originating in the gravitational collapse to a BH, is the
Fireshell model, see e.g. Refs. (40,41). Here the GRB originates from an optically
thick ete™ plasma in thermal equilibrium, with a total energy of Efoit This plasma

is initially confined between the radius 7, of a BH and the dyadosphere?4? radius
_ 1/4
Ee+e h . 3
ras =1 | 20—~ ( /m C> ] ) (1)
MeC Th

where « is the usual fine structure constant, & the Planck constant, ¢ the speed
of light, and m. the mass of the electron. The lower limit of Ete;:5 is assumed to
coincide with the observed isotropic energy FE;s, emitted in X-rays and gamma rays
alone in the GRB. The condition of thermal equilibrium assumed in this model?®
distinguishes this approach from alternative ones, e.g. Ref. (27).

In the Fireball model, the prompt emission, including the sharp luminosity varia-
tions,** are caused by the prolonged and variable activity of the “inner engine” .36:45
The conversion of the fireball energy to radiation originates in shocks, either internal
(when faster moving matter overtakes a slower moving shell, see Ref. 45) or exter-
nal (when the moving matter is slowed down by the external medium surrounding
the burst, see Ref. 46). Much attention has been given to synchrotron emission
from relativistic electrons in the CBM, possibly accompanied by Self-Synchrotron
Compton (SSC) emission, to explain the observed GRB spectrum. These processes
were found to be consistent with the observational data of many GRBs.*"4® How-
ever, several limitations have been reported in relation with the low-energy spectral

49-52 and the time-resolved spectra.?? Additional

slopes of time-integrated spectra
limitations on SSC emission have also been pointed out in Refs. (53,54).

The latest phases of the afterglow are described in the Fireball model by as-
suming an equation of motion given by the Blandford-McKee self-similar power-law
solution.?® The maximum Lorentz factor of the fireball is estimated from the tempo-
ral occurrence of the peak of the optical emission, which is identified with the peak of

the forward external shock emission®6:°7

in the thin shell approximation.®® Several
partly alternative and/or complementary scenarios have been developed distinct
from the Fireball model, e.g. based on quasi-thermal Comptonization,?® Compton
drag emission,%%:6! synchrotron emission from a decaying magnetic field,%? jitter ra-
diation,%* Compton scattering of synchrotron self-absorbed photons,%*5% and photo-
spheric emission.%6 72 In particular, it was pointed out in Ref. (71) that photospheric
emission overcomes some of the difficulties of purely non-thermal emission models.
The collapsar model, leading to the astrophysical framework of the “fireball” model

characterized by a jetted emission, was then introduced (see Fig. 15).

3.2. The Fireshell scenario

In the fireshell model, the rate equation for the ee™ pair plasma and its dynamics
(the pair-electromagnetic pulse or PEM pulse for short) have been described in
Refs. (17,18). This equation applies to any electron-positron plasma originating the
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GRB phenomena, quite independently if generated by vacuum polarization around
a Kerr-Newman BH.*

This plasma engulfs the baryonic material left over from the process of gravi-
tational collapse having a mass Mp, still maintaining thermal equilibrium between
electrons, positrons, and baryons. The baryon load is measured by the dimensionless
parameter B = Mpc2/ES\ . Refs. (18,73) showed that no relativistic expansion
of the plasma exists for B > 1072. The fireshell is still optically thick and self-
accelerates to ultrarelativistic velocities (the pair-electromagnetic-baryonic pulse or
PEMB pulse for short'® 7). Then the fireshell becomes transparent and the P-GRB
is emitted.?® The final Lorentz gamma factor at transparency can vary over a wide
range between 102 and 10* as a function of Ef:t( and B, see Fig. 16. For its final
determination it is necessary to explicitly integrate the rate equation for the ete~
annihilation process and evaluate, for a given BH mass and a given ete™ plasma
radius, at what point the transparency condition is reached!® (see Fig. 17).

The fireshell scenario does not require any prolonged activity of the inner engine
and applies in generality to any confined amount of ete™ in a dyadosphere.

After transparency, the remaining accelerated baryonic matter still expands bal-
listically and starts to slow down from collisions with the CBM of average density
ncoea- In the standard fireball scenario,?” the spiky light curve is assumed to be
caused by internal shocks. In the fireshell model the entire extended-afterglow emis-
sion is assumed to originate from an expanding thin shell, which maintains energy
and momentum conservation during its collision with the CBM. The condition of a
fully radiative regime is assumed.2? This in turn allows one to estimate the charac-
teristic inhomogeneities of the CBM, as well as its average value.

It is appropriate to point out another difference between our treatment and
others in the current literature. The complete analytic solution of the equations of
motion of the baryonic shell were developed in Refs. (74,75), while elsewhere the
Blandford-McKee self-similar approximate solution is almost always adopted with-

68,76-84 The analogies and differences between the two approaches

out justification.
have been explicitly explained in Ref. (85).

In our general approach, a canonical GRB bolometric light curve is composed
of two different parts: the P-GRB and the extended afterglow. The relative ener-
getics of these two components and the observed temporal separation between the
corresponding peaks is a function of the above three parameters Ef;ef, B, and the
average value of the nopys. The first two parameters are inherent to the acceler-
ator characterizing the GRB, i.e., the optically thick phase, while the third one is
inherent to the environment surrounding the GRB which gives rise to the extended-
afterglow. For the observational properties of a relativistically expanding fireshell
model, a crucial concept has been the introduction of the EQui-Temporal Surfaces
(EQTS). Here too our model differs from those in the literature by having deriving
an analytic expression of the EQTS obtained from the solutions to the equations of

motion.”?:8°
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3.3. The emission of the P-GRB

The lower limit for Ef;t( is given by the observed isotropic energy FE;, emitted in
the GRB. The identification of the energy of the afterglow and of the P-GRB deter-
mines the baryon load B and from these it is possible to determine the value of the
Lorentz I factor at transparency, the observed temperature as well as the tempera-
ture in the comoving frame and the laboratory radius at transparency, see Fig. 17.
We can indeed determine from the spectral analysis of the P-GRB candidate the
temperature kT,ps and the energy Fp_grp emitted at the point of transparency. The
relation between these parameters cannot be expressed analytically, only through
numerical integration of the entire set of fireshell equations of motion. In practice
we need to perform a trial-and-error procedure to find a set of values that fits the
observations.

EX'=1.22x10% erg E'=1.44x 10" erg

8102 B=102
B=10" B=10"
B=10" B=10%

B=10° —— B=10° ——
B=107 B=107
B=10" B=10"

10? 10?

wl \/ | A /
0 . . . . . . . . . . . . . . . .
107 10° 10° 10" 10" 10" 10" 10" 10'® 107 10° 10° 10" 10" 10" 10" 10" 10'®
Fireshell radius (cm) Fireshell radius (cm)

Lorentz y factor
Lorentz y factor

Fig. 16. Evolution of the Lorentz I' factor until the transparency emission for a GRB of a fixed

Ef:fi = 1.22 x 1055 (upper panel),and Ef:fi = 1.44 x 10%9, for different values of the baryon

load B. This computation refers to a BH mass of 10 M@ and an opacity 7 = fR dr(n,+ +n27 Yo =
0.67, where op is the Thomson cross-section and the integration is over the thickness of the
fireshell.”

The direct measure of the temperature of the thermal component at trans-
parency offers very important new information on the determination of the GRB
parameters. Two different phases are present in the emission of the P-GRB: one
corresponding to the emission of the photons when transparency is reached and
another corresponding to the early interaction of the ultra-relativistic protons and
electrons with the CBM. A spectral energy distribution with both a thermal and a
non-thermal component should be expected to result from these two phases.

It is appropriate, however, since now, to recall a major conclusion reached in
the work by myself, Salmonson, Wilson and Xue:'® there, a limit on the parameter
B < 1072 was imposed in order to have a regular GRB (see Fig. 18). For baryon
loading larger the expansion instead of being laminar becomes turbulent.
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Fig. 17. Fireshell temperature in the comoving and observer frame and the laboratory radius at

the transparency emission (panels (a) and (b)), the Lorentz I' factor at the transparency (panel

o (panel (d)) as

(c)) and the energy radiated in the P-GRB and in the afterglow in units of Ef ,

a function of the baryon load B for four different values of Ef;ei.

3.4. The extended afterglow

The majority of articles in the current literature have analyzed the afterglow emis-
sion as the result of various combinations of synchrotron and inverse Compton
processes.3 It appears, however, that this description is not completely satisfac-
tory.52 54

With C.L. Bianco and S.-S. Xue we adopted a pragmatic approach in our fireshell
model by making full use of the knowledge of the equations of motion, of the EQTS
formulations,” and of the correct relativistic transformations between the comov-
ing frame of the fireshell and the observer frame. These equations, which relate four
distinct time variables, are necessary for interpreting the GRB data. They are: a)
the comoving time, b) the laboratory time, c¢) the arrival time, and d) the arrival
time at the detector corrected for cosmological effects. This is the content of the rel-
ative space-time transformation paradigm, essential for the interpretation of GRB
data.86 This paradigm requires a global rather than a piecewise description in time
of the GRB phenomenon and has led to a new interpretation of the burst structure
paradigm.?® As mentioned in the introduction, a new conclusion arising from the
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Fig. 18. The turbulent expansion for B = 10~2. See details in Ref. 18.

burst structure paradigm has been that emission by the accelerated baryons inter-
acting with the CBM is indeed occurring already in the prompt emission phase,
just after the P-GRB emission. This is the extended-afterglow emission, which ex-
hibits in its “light curve” a rising part, a peak, and a decaying tail. Following this
paradigm, the prompt emission phase consists therefore of the P-GRB emission and
the peak of the extended afterglow. Their relative energetics and observed time sep-
aration are functions of the energy Eéi’fe_, of the baryon load B, and of the CBM
density distribution ncpy (see Fig. 19). In particular, for decreasing B , the ex-
tended afterglow light curve “squeezes” itself on the P-GRB and the P-GRB peak
luminosity increases (see Fig. 20).

To evaluate the extended-afterglow spectral properties, we adopted an ansatz
for the spectral properties of the emission in the collisions between the baryons and
the CBM in the comoving frame. We then evaluated all observational properties in
the observer frame by integrating over the EQTS. The initial ansatz of a thermal
spectrum®’ has recently been modified to

dN, [ 8w e\ €2 @)
dvVde \h3c3 ) \kpT exp (kET) 1

where « is a phenomenological parameter defined in the comoving frame of the
fireshell, 3-89 determined by the optimization of the simulation of the observed data.
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Fig. 19. Plots of the arrival time separation At, between the P-GRB and the peak of the extended

afterglow as a function of B for four different values of E?Fte* , measured in the source cosmological
rest frame. This computation has been performed assuming four values of the constant CBM

density ncpar = 1.0, 1.0 x 1071, 1.0 x 1073, 1.0 x 10~° particles/cm3.
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Fig. 20. The dependence of the shape of the light curve on B. The computations have been
performed assuming Eéite* = 4.83 x 10%3 ergs, (ncpm) = 1.0 particles/cm?, for three different
values of the baryon load B = 1072,1073,10~* and the P-GRB duration fixed, i.e., 5 s. For
decreasing B, the extended afterglow light curve squeezes itself onto the P-GRB and the peak
becomes sharper and higher.

It is well known that in the ultrarelativistic collision of protons and electrons with
the CBM, collective processes of ultrarelativistic plasma physics are expected, which
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are not yet fully explored and understood (e.g. the Weibel instability, see Ref. 90).
Promising results along this line have already been obtained in Refs. (91,92) and
may lead to the understanding of the physical origin of the a parameter in Eq. 2.

To take into due account the filamentary, clumpy and porous structure of the
CBM, we introduced the additional parameter R, which describes the fireshell
surface-filling factor. It is defined as the ratio between the effective emitting area of
the fireshell A, ¢, and its total visible area A,;s, see e.g. Refs. (93-95).

One of the main features of the GRB afterglow has been the observation of hard-
to-soft spectral variation, which is generally absent in the first spike-like emission,
and which we have identified as the P-GRB.%7 An explanation of the hard-to-soft
spectral variation has been advanced on the grounds of two different contributions:
the curvature effect and the intrinsic spectral evolution. In particular, Ref. (100)
used the model developed in Ref. (101) for the spectral lag analysis, taking into
account an intrinsic band model for the GRBs and using a Gaussian profile for the
GRB pulses to take into account angular effects, and they found that both provide a
very good explanation for the observed time lags. Within the fireshell model we can
indeed explain a hard-to-soft spectral variation in the extended-afterglow emission
very naturally. Since the Lorentz I" factor decreases with time, the observed effective
temperature of the fireshell will drop as the emission goes on, and consequently the
peak of the emission will occur at lower energies. This effect is amplified by the
curvature effect, which originates from the EQTS analysis. Both these observed
features are considered to be responsible for the time lag observed in GRBs.

3.5. The sitmulation of a GRB light curve and spectra of the
extended afterglow

The simulation of a GRB light curve and the respective spectrum also requires
the determination of the filling factor R and of the CBM density ncpy. These
extra parameters are extrinsic and they are just functions of the radial coordinate
from the source. The parameter R, in particular, determines the effective temper-
ature in the comoving frame and the corresponding peak energy of the spectrum,
while ncpas determines the temporal behavior of the light curve. Particularly im-
portant is the determination of the average value of ng,. Values on the order of
0.1-10 particles/cm? have been found for GRBs exploding inside star-forming re-
gion galaxies, while values on the order of 1072 particles/cm® have been found
for GRBs exploding in galactic halos.?6:9799 Tt is found that the CBM is typically
formed of “clumps”. This clumpy medium, already predicted in pioneering work by
Fermi on the theoretical study of interstellar matter in our galaxy,'°%1%3 is by now
well-established both from the GRB observations and by additional astrophysical
observations, see e.g. the CBM observed in SNe,'04
involving a super-giant massive star clumpy win

The determination of the parameter R and ncpys depends essentially on the
reproduction of the shape of the extended-afterglow and of the respective spec-

or by theoretical considerations
d.105
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tral emission in a fixed energy range. Clearly, the simulation of a source within
the fireshell model is much more complex than simply fitting the photon spectrum
N(E) of the burst (number of photons at a given energy) with analytic phenomeno-
logical formulas for a finite temporal range of the data. It is a consistent picture,
which has to find the best value for the parameters of the source, the P-GRB,?? its
spectrum, its temporal structure, as well as its energetics. For each spike in the light
curve the parameters of the corresponding CBM clumps are computed, taking into
account all the thousands of convolutions of comoving spectra over each EQTS that
leads to the observed spectrum.”®:3% It is clear that, since the EQTSs encompass
emission processes occurring at different comoving times weighted by their Lorentz
and Doppler factors, the “fitting” of a single spike is not only a function of the prop-
erties of the specific CBM clump but of the entire previous history of the source.
Any mistake at any step of the simulation process affects the entire evolution that
follows and conversely, at any step a fit must be made consistently with the entire
previous history: because of the nonlinearity of the system and the EQTSs, any
change in the simulation produces observable effects up to a much later time. This
leads to an extremely complex trial and error procedure in the data simulation, in
which the variation of the parameters defining the source are increasingly narrowed
down, reaching uniqueness very quickly. Of course, we cannot expect the last parts
of the simulation to be very accurate, since some of the basic hypotheses about
the equations of motion and spherical symmetry of the fireshell allowing possible
fragmentation of the shell can affect the procedure.

In particular, the theoretical photon number spectrum to be compared with the
observational data is obtained by an averaging procedure over instantaneous spec-
tra. In turn, each instantaneous spectrum is linked to the simulation of the observed
multiband light curves in the chosen time interval. Therefore, the simulation of the
spectrum and of the observed multiband light curves have to be performed together
and have optimized simultaneously.

According to the fireshell model theory, the canonical long GRBs are charac-
terized by a baryon load varying in the range 3.0 x 107* < B < 1072 and they
occur in a typical galactic CBM with an average density (ncpa) =~ 1 particle/cm?.
As a result the extended afterglow is predominant with respect to the P-GRB (see
Fig. 21).

3.6. The disguised short GRBs and the genuine short GRBs

After the observations by Swift of GRB 050509B,'%¢ which was declared in the
literature as the first short GRB with an extended emission ever observed, it has
become clear that all such sources are actually disguised short GRBs.?? It is con-
ceivable and probable that also a large fraction of the declared short duration GRBs
in the BATSE catalog, observed before the discovery of the afterglow, are members
of this class. In the case of the disguised short GRBs the baryon load varies in
the same range of the long bursts, while the CBM density is of the order of 1073
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particles/cm®. As a consequence, the extended afterglow results in a “deflated”
emission that can be exceeded in peak luminosity by the P-GRB.%699:107 Indeed
the integrated emission in the extended afterglow is much larger than the one of the
P-GRB (see Fig. 21), as expected for long GRBs. With these understandings long
and disguised short GRBs are interpreted in terms of long GRBs exploding, respec-
tively, in a typical galactic density or in a galactic halo density. This interpretation
has been supported by direct optical observations of GRBs located in the outskirts
of the host galaxies.'08114

The canonical genuine short GRBs occur in the limit of very low baryon load,
e.g. B <107° with the P-GRB predominant with respect to the extended afterglow.
For such small values of B the afterglow peak emission shrinks over the P-GRB and
its flux is lower than that of the P-GRB (see Fig. 20).

Since the baryon load is small but not zero, in addition to the predominant role
of the P-GRB, which has a thermal spectrum, a nonthermal component originating
from the extended afterglow is expected.

The best example of a genuine short GRB is GRB 090227B (see details in
Ref. 24).

Using the data obtained from the Fermi-GBM satellite,!1® Ref. (24) has proven
the existence of yet another class of GRBs theoretically predicted by the Fireshell
model?®?3 which we define here as the “genuine short GRBs.” This canonical class
of GRBs is characterized by extremely small values of the Baryon Load B < 107
(see Fig. 21). The energy emitted in the proper GRB (P-GRB) described below is
predominate with respect to the extended afterglow and its characteristic duration?*
is expected to be shorter than a fraction of a second.

s T
0.8 y
kN "é‘
H 0.6 Genuine Long GRBs /
@ Short GRBs Disguised Short GRBs
[V L 4
= 04
a5
0.2} _
0 s .7 .6 = -4 -3 -2
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Fig. 21. The energy emitted in the extended afterglow (solid green curve) and in the P-GRB
(solid red curve) in units of B}’ _ = 1.77 x 1053 erg (dashed horizontal line), as functions of
B. The crossing point, corresponding to the condition Ep_.grp = 50%E2‘3f877 marks the division

between the genuine short and the disguised short and long GRB regions.
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A search has begun for these genuine short GRBs among the bursts detected by
the Fermi GBM instrument during the first three years of its mission. The initial
list of short GRBs was reduced by requiring that no prominent X-ray or optical
afterglow be observed. The GRB 090227B has been identified among the remaining
bursts. A spectral analysis of its source has been performed from its observed light
curves, and its cosmological redshift and all the basic parameters of the burst, as
well as the isotropic energy, the Lorentz I' factor at transparency, and the intrinsic
duration, have all been inferred from theory (see below, Sec. 9, for details).

4. Unveiling the GRB-SN Connection
4.1. Introduction

Until recently, all the X- and ~-ray activities of a signal sufficiently short in time, less
than 102-10% s, and of extragalactic origin have been called a GRB. A new situation
has occurred with the case of GRB 09061816 in which the multi-component nature
of GRBs has been unveiled. This GRB is a member of a special class of bursts
associated with a SN. It is now clear from the detailed analysis that there are at least
three different components in the nature of this GRB: episodes 1 which corresponds
to the early emission of the SN event with Lorentz factor I' ~ 1; episode 2 which
corresponds to the GRB with Lorentz factor 10> < T' < 10%; and episode 3 which
appears to be related to the activities of the newly born NS. I will describe a few
key moments in the recent evolution of our understanding of this system which is
very unique within physics and astrophysics.

4.2. The case of GRB 090618

GRB 090618 represents the prototype of a class of energetic (1052 < E;q, < 10%
erg) GRBs, characterized by the presence of a supernova observed 10 (1+z) days
after the trigger time, and the observation of two distinct emission episodes in their
hard X-ray light curve (see details in Ref. (21)).

It was discovered by the Swift satellite.'!” The BAT light curve shows a multi-
peak structure, whose total estimated duration is ~ 320 s and whose Tgg duration
in the (15-350) keV range was 113 s.118 The first 50 s of the light curve shows
a smooth decay trend followed by a spiky emission, with three prominent peaks
at 62, 80, and 112 s after the trigger time, respectively, and each have the typical
appearance of a FRED pulse,''? see Fig. 4.2.1. The time-integrated spectrum, (to
- 4.4, tg + 213.6) s in the (15-150)keV range, was found to agree with a power-law
spectral model with an exponential cut-off, whose photon index is v = 1.42 £ 0.08
and a cut-off energy Epeqr = 134 £ 19 keV.120 The XRT observations started 125 s
after the BAT trigger time and lasted ~ 25.6 ks'?! and reported an initially bright
uncatalogued source, identified as the afterglow of GRB 090618. Its early decay is
very steep, ending at 310 s after the trigger time, when it starts a shallower phase,
the plateau. Then the light curve breaks into a steeper late phase.
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GRB 090618 was observed also by the Gamma-ray Burst Monitor (GBM) on
board the Fermi satellite.''® From a first analysis, the time-integrated spectrum,
(to, to + 140) s in the (8-1000)keV range, was fit by a Band'?? spectral model, with
a peak energy Epeqr, = 155.5 keV, a = —1.26 and 3 = —2.50,'?3 but with strong
spectral variations within the considered time interval.

The redshift of the source is z = 0.54 and it was determined thanks to the iden-
tification of the MglII, Mg I, and Fell absorption lines using the KAST spectrograph
mounted at the 3 m Shane telescope at the Lick observatory.!?4 Given the redshift
and the distance of the source, we computed the emitted isotropic energy in the 8
— 10000 keV energy range, with the Schaefer formula:'?® using the fluence in the
(8-1000 keV) as observed by Fermi-GBM, S,ps = 2.7 x 107,123 and the ACDM (A
Cold Dark Matter) cosmological standard model Hy = 70 km/s/Mpc, Q,, = 0.27,
Qp = 0.73, we obtain for the emitted isotropic energy the value of E;5, = 2.90 x
1053 erg.

This GRB was observed also by Konus-WIND, 26 Suzaku-WAM,'?” and by the
AGILE satellite,'?® which detected emission in the (18-60) keV and in the MCAL
instrument, operating at energies greater than 350 keV, but it did not observe high-
energy photons above 30 MeV. GRB 090618 was the first GRB observed by the
Indian payloads RT-2 on board the Russian satellite CORONAS-PHOTON.129-131

Thanks to the complete data coverage of the optical afterglow of GRB 090618,
the presence of a supernova underlying the emission of its optical afterglow was
reported.'32 The evidence of a supernova emission came from the presence of several
bumps in the light curve and by the change in R, - ¢ color index over time: in the
early phases, the blue color is dominant, typical of the GRB afterglow, but then the
color index increases, suggesting a core-collapse SN. At late times, the contribution
from the host galaxy was dominant.

4.2.1. Data analysis

We have analyzed, with L. Izzo and other ICRANet researchers and Ph.D. students,
GRB 090618, considering the BAT and XRT data of the Swift satellite together with
the Fermi-GBM and RT2 data of the Coronas-PHOTON satellite (see Fig. 22). The
data reduction was made with the Heasoft v6.10 packages® for BAT and XRT, and
the Fermi-Science tools for GBM. The details of the data reduction and analysis
are given in Ref. (21).

In Table 1 we give the results of our spectral analysis. The time reported in the
first column corresponds to the time after the GBM trigger time ty.;g = 267006508
s, where the  parameter was not constrained, we used its averaged value, § =
-2.3 £+ 0.10, as delineated in Ref. (133). We considered the chi-square statistic for
testing our data fitting procedure. The reduced chi-square Y2 = x2/N, where N is
the number of degrees of freedom (dof), which is N = 82 for the Nal dataset and
N =121 for that of the BGO.

ahttp://heasarc.gsfc.nasa.gov/lheasoft/
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For the last pulse of the second episode, the Band model is not very precise
(x? = 2.24), but a slightly better approximation is given by a power-law with an
exponential cut-off, whose fit results are shown for the same intervals in the last

two columns. From these values, we built the flux light curves for both detectors,
which are shown in Fig. 4.2.1.
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Fig. 23. Fermi-GBM flux light curve of GRB 090618 referring to the Nal (8-440 keV, left panel)

and BGO (260 keV — 40 MeV, right panel) detectors.
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Table 1. Time-resolved spectral analysis of GRB 090618. We considered six time intervals, each
one corresponding to a particular emission feature in the light curve. We fitted the GBM (8 keV —
10 MeV) observed emission with a Band model'?2 and a power-law function with an exponential
cut-off. In columns 2—4 we list the Band model low-energy index a, the high-energy 3 and the break
energy E(?AND, with the reduced chi-square value in the 6t? column. The last three columns list
the power-law index -y, the cut-off energy Eg“t and the reduced chi-square value respectively, as
obtained from the spectral fit with the cut-off power-law spectral function.

Time Interval a B EFAND (kev) XBEAND ~ ESY (kev) 2t
0- 50 0771338 -2.33%0-38 128,127 1094 1.11 0011018 180.979%-1 1.13
50 - 57 0937028 230+ 010 104.987 1923 1.22 11td25 1683 tIS80 102
57 - 68 -0.93+8-99 -2.43%0-21 264.0175-8 1.85 1.01+0-06 34051560 1.93
68 - 76 1057008 2407020 24391371 1.88 1127004 31107358 1.90
76 - 103 -1.06+73-:98 -2.6570-19 125.772327 1.23 1.15+0-0¢ 157.7722:2 1.39
103 - 150 1507329 230 £ 0.10 10117583 1.07 1.50+0-18 102.8756-8 1.06

4.2.2. Spectral analysis of GRB 090618

We proceed now to the detailed spectral analysis of GRB 090618. We divide the
emission into six time intervals, shown in Table 1, each one identifying a significant
feature in the emission process. We then fit for each time interval the spectra by
a Band model and a blackbody with an extra power-law component, following
Ref. (134). In particular, we are interested in estimating the temperature k7" and
the observed energy flux ¢.ps of the blackbody component. The specific intensity
of emission of a thermal spectrum at energy E in energy range dF into solid angle
AQ is

2 E?

~ h3cZexp(E/ET) — 1

I(E)dE AQdE. (3)
The source of radius R is seen within a solid angle AQ = wR?/D?, and its full
luminosity is I = 47R%20T*. What we are fitting, however, is the background-
subtracted photon spectra A(E), which is obtained by dividing the specific intensity
I(E) by the energy E:

I(E) KL E?dE
A(E)dE = E =
(E)d E d 20(kT)*D2h3c2 exp(E/kT) — 1
15¢ob5 E2dE (4)
-~ w4 (kT)* exp(E/KT) — 1’

where h, k and o are the Planck, Boltzmann, and Stefan-Boltzmann constants
respectively, ¢ is the speed of light and ¢ops = L/(4mD?) is the observed energy flux
of the blackbody emitter. The great advantage of Eq. (4) is that it is written in terms
of the observables ¢,ps and T', so from a spectral fitting procedure we can obtain
the values of these quantities for each time interval considered. To determine these
parameters, we must perform an integration of the actual photon spectrum A(FE)
over the instrumental response R(i, E) of the detector that observes the source,



August 14, 2014 17:9 MG13 (Vol.1) — Proceedings (9.75 x 6.5in) A-17 page 266

266

where i denotes the different instrument energy channels. The result is a predicted
count spectrum

Ermaa (i
(i) = / " A(E)RG.B)E, (5)
Epmin (1)
where Eyin (i) and Ep,.. (i) are the boundaries of the i-th energy channel of the
instrument. Eq. (5) must be compared with the observed data by a fit statistic.
The main parameters obtained from the fitting procedure are shown in Table 2.
We divide the entire GRB into two main episodes, as proposed in Ref. (116): one
lasting the first 50 s and the other from 50 to 151 s after the GRB trigger time, see
Fig. 24. Clearly, the first 50 s of emission, corresponding to the first episode, are
well-fit by a Band model as well as a blackbody with an extra power-law model,
Fig. 25. The same happens for the first 9 s of the second episode (from 50 to 59
s after the trigger time), Fig. 26. For the subsequent three intervals corresponding
to the main peaks in the light curve, the blackbody plus a power-law model does
not provide a satisfactory fit. Only the Band model fits the spectrum with good
accuracy, with the exception of the first main spike (compare the values of x? in
the table). We find also that the last peak can be fit by a simple power-law model
with a photon index v = 2.20 £ 0.03, better than by a Band model.

4.2.3. The early evidence for two distinct emission mechanisms

The result of this analysis points to a different emission mechanism in the first 50 s
of GRB 090618 and in the next 9 s. A sequence of very strong pulses follows, whose
spectral energy distribution is not attributable either to a blackbody or a blackbody
and an extra power-law component. Good evidence for the transition is shown by the
test of the data fitting, whose indicator is given by the changing of X~2 (Naoy = 169)
for the blackbody plus a power-law model for the different time intervals, see Table 2.
Although the Band spectral model is an empirical model without a clear physical
origin, we checked its validity in all time-detailed spectra with the sole exception
of the first main pulse of the second episode. The x? corresponding to the Band
model for this main pulse, although better than that corresponding to the blackbody
and power-law case, is unsatisfactory. We now directly apply the fireshell model to
make the above conclusions more stringent and reach a better understanding of the
source.

Table 2. Time-resolved spectral analysis (8 keV — 10 MeV) of the second episode in GRB 090618.

Time Interval (s) o g Eq(keV) XBEAND kT (keV) ¥ X5 B1ipo
A 0-50 -0.74 £ 0.10 -2.32 £ 0.16 118.99 £ 21.71 1.12 32.07 £ 1.85 1.75 £ 0.04 1.21
B 50 - 59 -1.07 4+ 0.06 -3.18 4 0.97 195.01 + 30.94 1.23 31.22 + 1.49 1.78 £ 0.03 1.52
C 59 - 69 -0.99 4+ 0.02 -2.60 + 0.09 321.74 £ 14.60 2.09 47.29 £ 0.68 1.67 £ 0.08 7.05
D 69-78 -1.04 + 0.03 -2.42 4+ 0.06 161.53 £ 11.64 1.55 29.29 + 0.57 1.78 £ 0.01 3.05
E 78 -105 -1.06 + 0.03 -2.62 + 0.09 124.51 + 7.93 1.20 24.42 + 0.43 1.86 £ 0.01 2.28
F 105 - 151 -2.63 + -1 -2.06 + 0.02 unconstrained 1.74 16.24 + 0.84 2.23 + 0.05 1.15
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Fig. 25. Time-integrated spectra for the first episode (from 0 to 50 s) of GRB 090618 fit with the
Band, ¥? = 1.12 (left) and blackbody + power-law (right) models, ¥? = 1.28. In the following we
will consider the case of a blackbody + power-law model and infer some physical consequences. The
corresponding considerations for the Band model are in progress and will be published elsewhere.

4.3. Analysis of GRB 090618 in the fireshell scenario: From a
single GRB to a multi-component GRB

4.3.1. Attempt for a single GRB scenario: The role of the first episode

We first approach the analysis of GRB 090618 by assuming that we observe a single
GRB and attempt identification of the P-GRB emission of a canonical GRB within
the fireshell scenario (see panel A in Fig. 26 and Table 2). This has been shown to be
inconsistent (see details in Ref. (21)). We then turn to a multicomponent emission.
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Fig. 26. Time-integrated spectra for the first 9 s of the second episode (from 50 to 59 s after
the trigger time) of GRB 090618 fit with the Band, Y2 = 1.23 (left) and blackbody + power-law
(right) models, ¥ = 1.52.

4.3.2. The multi-component scenario: The second episode as an independent
GRB

We now proceed to the analysis of the data between 50 and 150 s after the trigger
time as a canonical GRB in the fireshell scenario, namely the second episode,!'6
see Fig. 24. We proceed to identify the P-GRB within the emission between 50
and 59 s, since we find a blackbody signature in this early second-episode emission.
Considerations based on the time variability of the thermal component bring us to
conclude that the first 4 s of this time interval to due to the P-GRB emission. The
corresponding spectrum (8-440 keV) is well fit (> = 1.15) with a blackbody of a
temperature kT = 29.22 +2.21 keV (norm = 3.51 + 0.49), and an extra power-law
component with photon index v = 1.85 & 0.06, (norm = 46.25 + 10.21), see Fig. 27.
The fit with the Band model is also acceptable (Y? = 1.25), which gives a low-energy
power-law index a = —1.22 4+ 0.08, a high-energy index f = —2.32 £ 0.21 and a
break energy Fy = 193.2450.8, see Fig. 27. In view of the theoretical understanding
of the thermal component in the P-GRB (see Section 3.2), we focus below on the
blackbody + power-law spectral model.

The isotropic energy of the second episode is Ejs, = (2.49 + 0.02) x 10°3 ergs.
The simulation within the fireshell scenario is made assuming Ef;t‘f = F;s,. From
the observed temperature, we can then derive the corresponding value of the baryon
load. The observed temperature of the blackbody component is k7" = 29.22 £+ 2.21,
so that we can determine a value of the baryon load of B = 1.98 £ 0.15x 1073,
and deduce the energy of the P-GRB as a fraction of the total Ef;tef. We therefore
obtain a value of the P-GRB energy of 4.33%033 x 10! erg.

Now we can derive the radius of the transparency condition, to occur at ry,
= 1.46 x 10'* c¢cm. From the third panel we derive the bulk Lorentz factor of 'y,
= 495. We compare this value with the energy measured only in the blackbody

component of Epp = 9.24f8:?,(§ x 10°0 erg, and with the energy in the blackbody

plus the power-law component of Eppipo = 5.43f8:(g x 10°! erg, and verify that
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the theoretical value is in between these observed energies. We have found this result
to be quite satisfactory: it represents the first attempt to relate the GRB properties
to the details of the BH responsible for the overall GRB energetics. The above
theoretical estimates were based on a nonrotating BH of 10 Mg, a total energy
of BE'® =249 x 107 erg and a mean temperature of the initial e*e~ plasma
of 2.4 MeV, derived from the expression for the dyadosphere radius, Eq. 1. Any
refinement of the direct comparison between theory and observations will have to
address a variety of fundamental problems such as 1) the possible effect of rotation
of the BH, leading to a more complex dyadotorus structure, 2) a more detailed
analysis of the transparency condition of the ete™ plasma, simply derived from
the condition 7 = [, dr(n.+ + ng, Yor = 0.67,7® and 3) an analysis of the general
relativistic, electrodynamical, strong interaction descriptions of the gravitational

core collapse leading to BH formation.26:73:135
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Fig. 27. Left panel, the time-integrated spectrum (8440 keV) for the P-GRB emission episode
(from 50 to 54 s after the trigger time) of GRB 090618 fit with the blackbody + power-law models,
%2 = 1.15, while the right panel shows the fit with a Band model, ¥ = 1.25.

4.3.3. The analysis of the extended afterglow of the second episode.

The extended afterglow starts at the above given radius of the transparency, with an
initial value of the Lorentz I" factor of I'y = 495. To simulate the extended-afterglow
emission, we need to determine the radial distribution of the CBM around the burst
site, which we assume for simplicity to be spherically symmetric, from which we infer
a characteristic size of AR = 10~716 ¢cm. We already described above how the
simulation of the spectra and of the observed multi-band light curves have to be
performed together and need to be jointly optimized, leading to the determination
of the fundamental parameters characterizing the CBM medium.'3¢ This radial
distribution is shown in Fig. 29 and is characterized by a mean value of (n) =
0.6 part/cm® and an average density contrast with a (én/n) ~ 2, see Fig. 29 and
Table 4. The data up to 8.5 x 10'® cm are simulated with a value for the filling
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Fig. 28. Fireshell simulation, green line, and the sole blackbody emission, red line, of the time-
integrated (t0+50, t0+54 s) spectrum of the P-GRB emission. The sum of the two components,
the blue line, is the total simulated emission in the first 4 s of the second episode.

factor R = 3 x 1079, while the data from this value on with R = 9 x 107%. From
the radial distribution of the CBM density, and considering the 1/T" effect on the
fireshell visible area, we found that the CBM clumps causing the spikes in the
extended-afterglow emission have masses on the order of 1022=724 g, The value of
the o parameter was found to be —1.8 along the total duration of the GRB.

In Fig. 30 we show the simulated light curve (8-1000 keV) of the GRB and the
corresponding spectrum, using the spectral model described in Refs. (74,88).

We focus our attention on the structure of the first spikes. The comparison be-
tween the spectra of the first main spike (to+59, to+66 s) of the extended afterglow
of GRB 090618 obtained with three different assumptions is shown in Fig. 31: in
the upper panel we show the fireshell simulation of the integrated spectrum (t0+59,
t0+66 s) of the first main spike, in the middle panel we show the best fit with a
blackbody and a power-law component model and in the lower panel the best fit
using a simple power-law spectral model.

We can see that the fit with the last two models is not satisfactory: the corre-
sponding ¥? is 7 for the blackbody + power-law and ~ 15 for the simple power-law.
We cannot give the ¥? of the fireshell simulation, since it is not represented by an ex-
plicit analytic fitting function, but it originates in a sequence of complicated highly
nonlinear procedures. It is clear from a direct scrutiny that it correctly reproduces
the low-energy emission, thanks in particular to the role of the o parameter, which
was described previously. At higher energies, the theoretically predicted spectrum
is affected by the cut-off induced by the thermal spectrum. The temporal variability
of the first two spikes is well simulated.

We are not able to accurately reproduce the last spikes of the light curve, since
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the equations of motion of the accelerated baryons become very complicated after
the first interactions of the fireshell with the CBM.'3 This happens for various
reasons. First, a possible fragmentation of the fireshell can occur.'® Moreover, at
larger distances from the progenitor, the fireshell visible area becomes larger than
the transverse dimension of a typical blob of matter, consequently a modification
of the code for a three-dimensional description of the interstellar medium will be
needed. This is unlike the early phases in the prompt emission, which is the main
topic we address at the moment, where a spherically symmetric approximation
applies. The fireshell visible area is smaller than the typical size of the CBM clouds
in the early phases of the prompt radiation.'3”

The second episode, lasting from 50 to 151 s, agrees with a canonical GRB in
the fireshell scenario. Particularly relevant is the problematic presented by the P-
GRB. It interfaces with the fundamental physics problems, related to the physics
of the gravitational collapse and the BH formation. There is an interface between
reaching transparency of the P-GRB and the early part of the extended afterglow.
This connection has already been introduced in the literature, see e.g. Ref. (138).
We studied this interface in the fireshell by analyzing the thermal emission at the
transparency with the early interaction of the baryons with the CBM matter, see
Fig. 28.

We now aim to reach a better understanding of the meaning of the first episode,
between 0 and 50 s of the GRB emission. To this end we examine the two episodes
with respect to 1) the Amati relation, 2) the hardness variation, and 3) the observed
time lag.

" CBM density (partiem3)|——

1k 4
0 I I I L

0 2e+16 4e+16 Ge+16 B8e+16 1e+17 12e+17
radius(cm)

Fig. 29. Radial CBM density distribution for GRB 090618. The characteristic masses of each
cloud are on the order of ~ 102224 g and 10'® cm in radii.
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Table 3. Final results of the simulation
of GRB 090618 in the fireshell scenario.
Parameter Value
B 2.49 + 0.02 x 103 ergs
B 1.98 £ 0.15 x 1073
To 495 + 40
ETyn 29.22 + 2.21 keV
Ep_-grptn 4.33 £ 0.28 x 10%! ergs
<n> 0.6 part/cm3
<dén/n > 2 part/cm?
Table 4. Physical properties of the three clouds surround-
ing the burst site: the distance from the burst site (col-
umn 2), the radius r of the cloud (column 3), the parti-
cle density p (column 4), and the mass M (the last column).
Cloud Distance (cm) r (cm) p (#/cm3) M (g)
First 4.0 x 1016 1 x 1016 1 2.5 x 1024
Second 7.4 x 1016 5 x 10%° 1 3.1 x 1023
Third 1.1 x 1017 2 x 1015 4 2.0 x 1022
oMot A o B 308 ‘ ey
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Fig. 30. Simulated light curve and time integrated (t0+58, t0+150 s) spectrum (8440 keV) of

the extended-afterglow of GRB 090618.

5. A Different Emission Process in the First Episode

5.1. The time-resolved spectra and temperature variation.

A significant outcome of the multi-year work of Felix Ryde and his collaborators
Ref. (139) has been the identification and the analysis of the thermal plus power-
law features observed in time-limited intervals in selected BATSE GRBs. Similar
features have also been observed in the data acquired by the Fermi satellite.!39140
We propose to divide these observations into two broad families. The first family
presents a thermal plus power-law(s) feature, with a temperature changing in time
following a precise power-law behavior. The second family is also characterized by
a thermal plus power-law component, but with the blackbody emission generally
varying without a specific power-law behavior and on shorter time scales. It is

page 272
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Simulated time-integrated (t0+58, t0+66 s) count spectrum (8-440 keV) of the extended

afterglow of GRB 090618 (upper panel), count spectrum (8 keV — 10 MeV) of the main pulse
emission (t0+58, t0+66), and best fit with a blackbody + power-law model (middle panel) and a
simple power-law model (lower panel).
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our goal to study these features within the fireshell scenario to possibly identify the
underlying physical processes. We have already shown in Sec. 3.3 that the emission of
the thermal plus power-law component characterizes the P-GRB emission. We have
also emphasized that the P-GRB emission is the most relativistic regime occurring
in GRBs, uniquely linked to the process of BH formation, see Sec. 3.3. This process
appears to belong to the second family considered above. Our aim here is to see if the
first episode of GRB 090618 can lead to the identification of the first family of events:
those whose temperature changes with time following a power-law behavior on time
scales from 1 to 50 s. We have already pointed out in the previous section that
the hardness-ratio evolution and the long time lag observed for the first episode!3!
points to a distinct origin for the first 50 s of emission, corresponding to the first
episode.

We made a detailed time-resolved analysis of the first episode, considering dif-
ferent time bin durations to obtain good statistics in the spectra and to take into
account the sub-structures in the light curve. We then used two different spectral
models to fit the observed data, a classical Band spectrum,'?? and a blackbody with
a power-law component.

To obtain more accurate constraints on the spectral parameters, we made a joint
fit considering the observations from both the n4 Nal and the b0 BGO detectors,
covering a wider energy range in this way, from 8 keV to 40 MeV. To avoid some
bias from low-photon statistics, we considered an energy upper limit of the value
of 10 MeV. In the last three columns of Table 5 we report the spectral analysis
performed in the energy range of the BATSE LAD instrument (20-1900 keV), as
analyzed in Ref. (71) as a comparison tool with the results described in that paper.
Our analysis is summarized in Figs. 32 and 33, and in Table 5, where we report the
residual ratio diagram and the reduced-y? values for the spectral models.

Table 5. Time-resolved spectral analysis of the first episode in GRB 090618. We considered seven
time intervals and used two spectral models, whose best-fit parameters are shown here.

Time a 8 Eg (keV) XEAND kT (keV) ~ Q%Bﬂ)o
A0-5 S0.45 £ 0.11 _ -2.80 £ 0.78 _ 208.0 & 36.13 0.93 59.86 £ 2.72  1.62 £ 0.07 1.07
B:5 - 10 -0.16 £ 0.17  -2.34 £ 0.18  89.84 + 17.69 1.14 37.57 + 1.76  1.56 + 0.05 1.36
C:10 - 17 -0.74 £ 0.08  -3.36 + 1.34 149.7 + 21.1 0.98 34.90 + 1.63  1.72 + 0.05 1.20
D:17 - 23 -0.51 + 0.17  -2.56 &+ 0.26  75.57 + 16.35 1.11 25.47 + 1.38  1.75 + 0.06 1.19
E:23 - 31  -0.93 + 0.13 unconstr. 104.7 + 21.29 1.08 23.75 + 1.68  1.93 + 0.10 1.13
F:31-39  -1.27 + 0.28  -3.20 &+ 1.00  113.28 + 64.7 1.17 18.44 + 1.46  2.77 + 0.83 1.10
G:i39-49  -3.62 + 1.00  -2.19 + 0.17 57.48 + 50.0 1.15 14.03 + 2.35  3.20 + 1.38 1.10

5.2. The power-law decay of the black body temperature

We conclude that both the Band and the proposed blackbody + power-law spectral
models fit the observed data very well. Particularly interesting is the clear evolution
in the time-resolved spectra, which corresponds to the blackbody and power-law
component, see Fig. 32. In particular the kT parameter of the blackbody shows a
strong decay, with a temporal behavior well-described by a double broken power-
law function, see the upper panel in Fig. 33. From a fitting procedure we find that
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Fig. 32. Evolution of the BB+powerlaw spectral model in the v F(v) spectrum of the first emis-
sion of GRB 090618. It shows the cooling with time of the blackbody and associated nonthermal
components. We only plot the fitting functions for clarity.

the best fit (R2-statistic = 0.992) for the two decay indexes for the temperature
variation are apr = -0.33 £ 0.07 and by = -0.57 + 0.11. In Ref. (71) an average
value for these parameters on a set of 49 GRBs is given: (arr) = -0.07 £ 0.19 and
(brr) = -0.68 + 0.24.

The results presented in Figs. 32 and 33, and Table 5 point to a rapid cooling of
the thermal emission with time of the first episode. The evolution of the correspond-
ing power-law spectral component also appears to be strictly related to the change
of the temperature k7. The power-law ~ index falls, or softens, with temperature,
see Fig. 32. An interesting feature appears to occur at the transition of the two
power-laws describing the observed decrease of the temperature. The long time lag
observed in the first episode has a clear explanation in the power-law behavior of
the temperature and corresponding evolution of the photon index « (see Figs. 32
and 33).

5.3. The radius of the emitting region.

We turn now to estimate an additional crucial parameter for identifying the nature
of the blackbody component: the radius of the emitter r¢,,. We proved that the
first episode is not an independent GRB and not part of a GRB. We can therefore
provide the estimate of the emitter radius from nonrelativistic considerations, just
corrected for the cosmological redshift z. In fact we find that the temperature of
the emitter Te,,, = Tops(1l + 2), and that the luminosity of the emitter, due to the
blackbody emission, is

L = 47T7’ng'T§m = 47rrng—To4bs(1 + Z)4ﬂ (6)
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where r,,, is the emitter radius and o is the Stefan-Boltzmann constant. From the
luminosity distance definition, we also have that the observed flux ¢, is given by

¢ _ L _ Tng—bes(l + 2)4 (7)
% T 4xD? D? '

We then obtain

_ ¢obs 1/2 D

The above radius differs from the radius 7, given in Eq. (1) of Ref. (71), which
was also clearly obtained by interpreting the early evolution of GRB 970828 as be-
longing to the photospheric emission of a GRB and assuming a relativistic expansion
with a Lorentz gamma factor T’

ron = RD < (9)

r
(1.06)(1 + z)2> ’
where R = (dovs/(cT)) 2 and the prefactor 1.06 arises from the dependence of
7ph on the angle of the line of sight.'4! Typical values of rp, are at least two orders
of magnitude higher than our radius ey, .

Assuming a standard cosmological model (Hy = 70 km/s/Mpc, 2, = 0.27 and
Qp = 0.73) for estimating the luminosity distance D, and using the values for the
observed flux ¢,ps and the temperature kT,ps, we give in Fig. 34 the evolution of
the surface radius that emits the blackbody 7., as a function of time.

Assuming an exponential evolution with time #° of the radius in the comoving
frame, we obtain the value 6 = 0.59 + 0.11 from a fitting procedure, which is
well compatible with § = 0.5. We also notice a steeper behavior for the variation
of the radius with time corresponding to the first 10 s, which corresponds to the
emission before the break of the double power-law behavior of the temperature. We
estimate an average velocity of v = 4067 +918 km/s, R? = 0.91 in these first 10 s of
emission. In episode 1 the observations lead to a core of an initial radius of ~ 12000
km expanding in the early phase with a higher initial velocity of ~ 4000 km/s. The
effective Lorentz I" factor is very low, I' — 1 ~ 1075,

I propose to identify this first episode as the early phases of the accretion on
the companion NSr of the SN ejects in the IGC scenario which I discuss in the next
paragraph.

6. The GRB-SN in the IGC Scenario

6.1. Induced gravitational collapse of a NS to a BH by a type Ib/c
SN

The systematic and spectroscopic analysis of GRB-SN events, following the pioneer-
ing discovery of the temporal coincidence of GRB 980425° and SN 1998bw,® has
revealed evidence for the association of other nearby GRBs with Type Ib/c SNe (see
Ref. 142 for a recent review of all the GRB-SN systems). It has also been clearly
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Fig. 33. Evolution of theobserved temperature kT of the blackbody component and the corre-
sponding evolution of the power-law photon index. The blue line in the upper panel corresponds
to the fit of the time evolution of the temperature with a broken power-law function. It shows a
break time t; around 11 s after the trigger time, as obtained from the fitting procedure.
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Fig. 34. Evolution of the first episode emitter radius given by Eq. (8).

understood that SN Ib/c lack Hydrogen (H) and Helium (He) in their spectra, and
the most likely explanation is that the SN progenitor star is in a binary system with
a compact companion, a neutron star (see e.g. Refs. 143-145, for details).

In the current literature there has been an attempt to explain both the SN
and the GRB as two aspects of the same astrophysical phenomenon: the collapsar
model. Hence, GRBs have been assumed to originate from a specially violent SN
process, a hypernova or a collapsar (see e.g. Ref. 146 and references therein). Both
of these possibilities imply a very dense and strong wind-like CBM structure. Such a
dense medium appears to be in contrast with the CBM density found in most GRBs
within our fireshell model (see e.g. Fig. 10 in Ref. 22). In fact, the average CBM
density, inferred from the analysis of the afterglow, has been shown to be in most
of the cases of the order of 1 particle cm™® (see e.g. Ref. 41). The only significant
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contribution to the baryonic matter component in the GRB process is the one
represented by the baryon load.!® In a GRB, the electron-positron plasma, loaded
with a certain amount of baryonic matter, is expected to expand at ultra-relativistic
velocities with Lorentz factors I' > 100.76:147:148 Gych an ultra-relativistic expansion
can actually occur if the amount of baryonic matter, quantifiable through the baryon
load parameter, does not exceed the critical value B ~ 1072 (see Ref. 18, for details).

In our approach we have consistently assumed that the GRB has to originate
from the gravitational collapse to a BH. The SN follows, instead, the complicated
pattern of the final evolution of a massive star, possibly leading to a NS or to a
complete explosion but never to a BH. There is a further general argument in favor
of our explanation, namely the extremely different energetics of SNe and GRBs.
While the SN energy range is 10%°-10%! erg, the GRBs are in a larger and wider
range of energies 10%9-10%4 erg. It is clear that in no way a GRB, being energetically
dominant, can originate from the SN. We explain the temporal coincidence of the
two phenomena, the SN explosion and the GRB, within the concept of induced
gravitational collapse.'*9-150

In recent years we have outlined two different possible scenarios for the GRB-SN
connection. In the first version,'*” we have considered the possibility that GRBs may
have caused the trigger of the SN event. For this scenario to occur, the companion
star has to be in a very special phase of its thermonuclear evolution (see Ref. 149
for details). The full space-time diagram is represented in Fig. 35.

More recently, I have proposed in Refs. 136,150,151 a different possibility oc-
curring at the final stages of the evolution of a close binary system: the explosion
in such a system of a Ib/c SN leads to an accretion process onto the NS compan-
ion. Again, in order for this process to occur, a very fine tuning must exist in the
thermonuclear evolution of the SN core and in the circular orbit of the companion
NS. The NS will reach the critical mass value, undergoing gravitational collapse
to a BH. The process of gravitational collapse to a BH leads to the emission of
the GRB (see Figs. 36 and 37). Here we evaluate the accretion rate onto the NS
and give the explicit expression of the accreted mass as a function of the nature of
the components and the binary parameters following Ref. 152. The full space-time
diagram is represented in Fig. 38.

6.2. The accretion process of the SN ejecta onto the companion NS

We turn now to the details of the accretion process of the SN material onto the NS.
In a spherically symmetric accretion process, the magnetospheric radius is!%*

BQ 6 2/7
Ry = (71%) , (10)
M+/2GMxys

where B, Mys, R are the NS magnetic field, mass, radius, and M = dM/dt is the
mass-accretion rate onto the NS. We now estimate the relative importance of the
NS magnetic field for the accretion process. At the beginning of a SN explosion,
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Fig. 35. A qualitative simplified space-time diagram (in arbitrary units) illustrating the GRB-
SN connection proposed in 2001.149 The EMBH, originating from the gravitational collapse of a
massive GRB-progenitor star P;, and the massive supernova-progenitor star Pz-neutron star (Pa-
NS) system, separated by a radial distance Dp,, are assumed to be at rest in in the laboratory
frame. Their worldlines are represented by two parallel vertical lines. The supernova shell moving
at 0.1c generated by the P>-NS transition is represented by the dotted line cone. The solid line
represents the motion of the pulse, as if it would move with an “effective” Lorentz factor =
reaching the condition of transparency. Similarly, the “effective” Lorentz factor 2 applies from
the transparency up to the collision with the P>-NS system. An “effective” Lorentz factor vy3 < 2
occurs after the collision as the nonrelativistic regime of expansion is reached. The dashed lines at
45 degrees represent signals propagating at speed of light. Figure reproduced from Ref. (149).

the ejecta moves at high velocities v ~ 10? em s™! and the NS will capture matter
at a radius approximately given by Rigg ~ 2GM/v%. For R, << Rﬁgg, we can
neglect the effects of the magnetic field. It is already clear from Eq. (10) that a high
accretion rate might reduce the magnetospheric radius drastically. In Fig. 39 we plot
the ratio between the magnetospheric radius and the gravitational capture radius as

a function of the mass accretion rate onto a NS of B = 102 Gauss, Mg = 1.4Mg,
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Induced gravitational collgpse (2006)
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Fig. 36. Process of gravitational collapse to a BH induced by the type Ib/c SN on a companion
NS in a close binary system. Figure reproduced from Ref. (150).
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Fig. 37. Sketch of the binary scenario for GRB 090618: core collapse of an evolved star in close
binary with a NS. A rapid accretion rate of the ejected material onto the NS is established reaching
in a few seconds the critical mass and undergoes gravitational collapse to a BH, emitting the GRB.

R = 10% cm, and for a flow with velocity v = 10? cm s™!. It can be seen that for
high accretion rates the influence of the magnetosphere will be negligible.

We therefore assume for simplicity hereafter that the NS is nonrotating and
neglect the effects of the magnetosphere. The NS captures the material ejected
from the core collapse of the companion star in a region delimited by the radius



August 14, 2014 17:9 MG13 (Vol.1) — Proceedings (9.75 x 6.5in) A-

—

7 page 281

281

,1 Episode 3
Ata%,
7”7

Episode 2
Ata, +

2,
,

7/ Episode 1
Ata,
7/

4
4

/]
4

y

Y

Q
v-NS / \ NS

Fig. 38. IGC space-time diagram (not in scale). Episode 1 corresponds to the onset of the FeCO
core SN explosion, creating a new-NS (v-NS, see A). Part of the SN ejecta triggers an accretion
process onto the NS companion (see B and Refs. 22,152), and a prolonged interaction between the
v-NS and the NS binary companion occurs (see C). This leads to a spectrum with an expanding
thermal component plus an extra power law (see Fig. 16 in Ref. 21). Episode 2 occurs when the
companion NS reaches its critical mass and collapses to a black hole (BH), emitting the GRB (D)
with Lorentz factors I' &~ 102-103 (for details, see e.g. Refs. 21,40). Episode 3, observed in the
X-rays, shows very precise behavior consisting of a steep decay, starting at the end point of the
prompt emission (see E), and then a plateau phase, followed by a late constant power-law decay
(see Refs. 21,153). It is illustrated the relativistic motion of Episode 2 (I" = 500, thick line) and
the non-relativistic Episode 1 (I' ~ 1) and Episode 3 (I' & 2). Emissions from different radii, Ry
(~ 103 c¢cm) and Rz (~ 10'6-10'7 cm), contribute to the transition point (E). Clearly, the X-ray
luminosity originates in the SN remnant or in the newly-born BH, but not in the GRB.

Rcap from the NS center

2G Mnys
Rcap = T 5 > (11)

Urel,ej

where Mys is the initial NS mass and wvrel ¢j is the velocity of the ejecta relative to



August 14, 2014 17:9 MG13 (Vol.1) — Proceedings (9.75 x 6.5in) A-17 page 282

282

(107%)

sph
cap

R,/R

0 ! !
1076 107° 1074 1073 102
M/M,

Fig. 39. Ratio between the magnetospheric radius and the gravitational capture radius of a NS

of B = 10'? Gauss, Myg = 1.4Mgs, R = 10% cm, in the spherically symmetric case. The flow

velocity has been assumed to be v = 10 cm s~ 1.

the orbital motion of the NS around the supernova progenitor star

Urel,ej = \/ Ugrb + Ugj ) (12)

with vej the ejecta velocity in the frame of the supernova progenitor star with mass
MgsN—_prog and v is the orbital velocity of the NS, given by

o \/G(MSNprog + MNS)
Vorb = a

; (13)

where a is the binary separation, and thus the orbital period of the binary system
is

472a3
P= . 14
\/G(MSNprog + MNS) ( )

The NS accretes the material that enters into its capture region defined by
Eq. (11). The mass-accretion rate is given by!5°

i 2G Mns)?
M = s Riugos = €mpes (2GMrs) (15)

vgrb + vgj)S/Q ’
where the parameter £ is lies in the range 1/2 < £ < 1, p.; is the density of the
accreted material, and in the last equality we have used Eqgs. (11) and (12). The
upper value £ = 1 corresponds to the Hoyle-Lyttleton accretion rate.'®® The actual
value of ¢ depends on the properties of the medium in which the accretion process
occurs, e.g. vacuum or wind. The velocity of the SN ejecta ve; will be much larger
than the sound speed cg of the already existing material between the C4+O star
and the NS due to the prior mass transfer, namely the Mach number of the SN
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ejecta will certainly satisfy M = vej/cs >> 1. Thus in practical calculations we can
assume the value £ = 1 in Eq. (15) and the relative velocity vyelej of the SN ejecta
with respect to the NS companion is given only by the NS orbital velocity and
the ejecta velocity as given by Eq. (12). In Fig. 37 we have sketched the accreting
process of the supernova ejected material onto the NS.

The density of the ejected material can be assumed to decrease in time following

the simple power-law®?

 3Mg;  3My
C A4mr3 Amwodtdn’
where without loss of generality we have assumed that the radius of the SN ejecta
expands as rej = ot”, with o and n constants. Therefore the velocity of the ejecta
obeys vej = nrej/t.

One can integrate Eq. (15) to obtain the accreted mass in a given time interval
5 3M,

47m3cj76 F + constant, (17)

Pej (16)

AM(t) = /Mdt = m(2GMxs)

where

F =30 D[ dn(2n — 1)t VK220 + 15F (1/2,1/(n— 1);n/(n — 1); —kt*~2")
— K (n? — 1) t* + 2k(n — 1)(2n — 1)t*" "2 + 4n(2n — 1)t*"] x

E3(n—1)(n+1)(3n — 1)V Ek 4 t2n=2]71 (18)

with k = v2, /(no)? and 2 F (a, b; ¢; 2) is the hypergeometric function. The integra-
tion constant is computed with the condition AM (t) = 0 for ¢ < ¢§°°, where 3%
is the time at which the accretion process starts, namely the time at which the SN
ejecta reaches the NS capture region (see Fig. 37).

6.3. The reaching of the critical mass of the accreting companion
NS

We discuss now the problem of the maximum stable mass of a NS. Nonrotating
NS equilibrium configurations have been recently constructed, by M. Rotondo, J.
Rueda, myself and many students, taking into proper account the strong, weak, elec-
tromagnetic, and gravitational interactions within general relativity. The equilib-
rium equations are given by the general relativistic Thomas-Fermi equations coupled
with the Einstein-Maxwell equations to form the Einstein-Maxwell-Thomas-Fermi
system of equations, which must be solved under the condition of global charge neu-
trality.3! These equations supersede the traditional Tolman-Oppenheimer-Volkoff
ones that impose the condition of local charge neutrality throughout the configu-
ration. The maximum stable mass My = 2.67My of nonrotating NSs has been
obtained in Ref. 31.

The high and rapid accretion rate of the SN material can lead the NS mass to
reach the critical value My = 2.67My. This system will undergo gravitational
collapse to a BH, producing a GRB. The initial NS mass is likely to be rather high
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due to the highly nonconservative mass transfer during the previous history of the
evolution of the binary system (see e.g. Refs. 143-145, for details). Thus the NS
could reach the critical mass in just a few seconds. Indeed we can see from Eq. (15)
that for an ejecta density 10° g ecm™2 and velocity 10° cm s™!, the accretion rate
might be as large as M ~ 0.1Mgs™ L.

The occurrence of a GRB-SN event in the scenario depends on some specific
conditions satisfied by the binary progenitor system, such as a short binary sep-
aration and an orbital period < 1 h. This is indeed the case with GRB 090618
and 110709B that we have already analyzed within the context of this scenario
in Refs. (22,158), respectively (see below in the next subsections). In addition to
offering an explanation for the GRB-SN temporal coincidence, the considerations
presented here lead to an astrophysical implementation of the concept of proto-BH,
generically introduced in our previous works on GRBs 090618, 970828, and 101023
(see Refs. 22,153,159). The proto-BH represents the first stage 20 < ¢ < 200 s of
the SN evolution.

It is appropriate now to discuss the possible progenitors of such binary systems.
A viable progenitor is represented by X-ray binaries such as Cen X-3 and Her X-
1.3:160-165 The binary system is expected to follow an evolutionary track:'4314% the
initial binary system is composed of main-sequence stars 1 and 2 with a mass ratio
Msy/M; Z 0.4. The initial mass of the star 1 is likely M; = 11Mg, leaving a NS
through a core-collapse event. The star 2, now with My 2 11My after some almost
conservative mass transfer, evolves filling its Roche lobe. It then starts a spiralling
in of the NS into the envelope of the star 2. If the binary system does not merge, it
will be composed of a helium star and a NS in close orbit. The helium star expands
filling its Roche lobe and a nonconservative mass transfer to the NS takes place.
This scenario naturally leads to a binary system composed of a C+O star and a
massive NS, as the one considered here.

We point out that the systems showing a temporal GRB-SN coincidence form a
special class of GRBs:

(1) There exist type Ib/c SNe without an associated GRB, see e.g. the observa-
tions of the type Ib/c SN 1994166 and SN 2002ap.'7 Also this class of apparently
isolated SNe may be in a binary system with a NS companion at a large binary
separation a and long orbital period P (14) and therefore the accretion as given by
Egs. (15) and (17) is not sufficiently high to trigger the gravitational collapse of the
NS.

(2) There are GRBs that do not show the presence of an associated SN. This is
certainly the case of GRBs at large cosmological distances z 2 0.6 when the SN is
not detectable even by the current high power optical telescopes. This is likely the
case of GRB 101023.153

(3) There is the most interesting case of GRBs that do not show a SN, although
it would be detectable. This is the case of GRB 060614°7 in which, however, the
possibility of an erroneous determination of the redshift has been evidenced.!®®
Finally, there are systems giving rise to genuinely short GRBs which have been
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proved to have their progenitors in binary NSs, and clearly do not have an associated
SN, e.g. GRB 090227B.24:169

It is clear that after the occurrence of the SN and the GRB emission, the outcome
is represented, respectively, by a NS and a BH. A possible strong evidence of the
NS formation is represented by the observation of a characteristic late (¢ = 10%-10°
s) X-ray emission (called URCA sources, see Ref. 151) that has been interpreted
as originating from the young (¢t ~ 1 minute—(10-100) years), hot (T' ~ 107-10%
K) NS, which we have called neo-NS (see Ref. 170, for details). This has been
indeed observed in GRB 0906182! and also in GRB 101023.1%3 If the NS and the
BH are gravitationally bound they give rise to a new kind of binary system, which
can lead itself to the merging of the NS and the BH and consequently to a new
process of gravitational collapse of the NS into the BH. In this case the system
could originate yet another process of GRB emission and possibly a predominant
emission in gravitational waves.

7. The Application of the IGC Scenario to GRB 090618

We apply the previous considerations of Ref. 152 to the specific case of GRB 090618
and its associated SN (see Ref. 22, for details). We have shown that GRB 09061822
is composed of two sharply different emission episodes. A time-resolved spectral
analysis showed that the first episode, which lasts ~ 32 s in the rest frame, is char-
acterized by a black-body emission that evolves due to a temperature decreasing
with time (see Fig. 17 in Ref. 21). Associated to the decreasing black-body temper-
ature, the radius of the emitter has been found to increase with time (see Fig. 18
in Ref. 21). From the evolution of the radius of the black-body emitter, we find
that it expands at nonrelativistic velocities (see Eq. (19), below). Consequently, the
first episode cannot be associated to a GRB. Because it happens prior to the GRB
and therefore to the BH formation, this first episode emission has been originally
indicated as a proto-BH, from the ancient Greek mpwTos, meaning before in space
and time.

We here identify the proto-BH first episode as the first stage of the accretion
process of the SN ejecta onto the companion NS. The black-body-emitting surface
in the first episode evolves during the first ~ 32 s, as observed in the rest frame,
following a power-law behavior

Tem

t

where o = 8.048 x 10® cm s™", n ~ 3/5 as shown in Fig. 34, and vey = drem/dt ~
4 % 108 ¢cm s~! at the beginning of the expansion.

When the mass accreted onto the NS triggers the gravitational collapse of the
NS into a BH, the authentic GRB emission is observed in the subsequent episode
at t —to 2 50 s (observer frame). The characteristics of GRB 090618 are shown in
Table 3 of Ref. 21 and we refer to that reference for more details on the GRB light
curve and spectrum simulation.

=not" !, (19)

n
Tem = Ot , Vem = N
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7.1. The SN ejecta accretion onto the companion NS

We now turn to the details of the accretion process of the SN material onto the
NS. We have initially assumed, as an order of magnitude estimate,?? rqn = 7 and
USN = Vem- Lhe NS of initial mass Myg accretes mass from the SN ejecta at a rate

given by!52
. (2GMys)? 3M.(t)
Mace(t) = mpej (1) g2 | pej(t) = i 20
acel?) e Pelej el Amrgy (t) (20)

where rdy(t) given by Eq. (19) and Mqj(t) = Mej,0 — Macc(t) is the available mass
to be accreted by the NS as a function of time, with M, ¢ the mass ejected in the
SN. Vrel,ej = A /’Uirb + v%N is the velocity of the ejecta relative to the NS, where vgn
is the SN ejecta velocity given by Eq. (19) and vep = \/G(MCOre + Mpys)/a is the
orbital velocity of the NS. Here M,y is the mass of the SN core progenitor and a

the binary separation. Hereafter we assume a = 9 x 10° cm, a value higher than
the maximum distance traveled by the SN material during the total time interval
of Episode 1, At ~ 32 s, Ar ~ 7 x 10 cm (see Fig. 34).

If the accreted mass onto the NS is much smaller than the initial mass of the
ejecta, i.e., Myce/Mej0 << 1, the total accreted mass can be obtained from the
formula given by Eq. (8) of Ref. (152), which for GRB 090618 leads to

Mawclt) = [ Nown(t)dt ~ (26 Mg)?—2Mero”” (21)
acc e acc NS 8n306 ]_+kt4/5 B

acc
tO

where k = v2,,/(no)? and 3 is the time at which the accretion process starts,
namely the time at which the SN ejecta reaches the NS capture region, Reqp =
2GMNS/v1?e]7ej7 so for t < t§°° we have My..(t) = 0. The accretion process leads
to the gravitational collapse of the NS onto a BH when it reaches the critical
mass value. Here we adopt the critical mass My = 2.67Mg computed recently
in Ref. (31). Eq. (21) is more accurate for massive NSs since the amount of mass
needed to reach the critical mass by accretion is much smaller than Mg . In gen-
eral, the total accreted mass must be computed from the numerical integration of

Eq. (20), which we present below for GRB 090618.

7.2. Inferences on the binary period

The occurrence of a GRB-SN event in the accretion induced collapse scenario is
subject to some specific conditions of the binary progenitor system such as a short
binary separation and orbital period. The orbital period in the present case is

47T2a3 core + NS -1/ .
P= — 9.1 ( Meore + Mys . 22
\/G(ere + Mys) ( Mo, e (22)

We denote by At,.. the total time interval since the beginning of the SN ejecta
expansion all the way up to the instant where the NS reaches the critical mass.
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Fig. 40. Time t§°® since the SN explosion when the accretion process onto the NS starts as a
function of the initial mass of the NS My g and for selected values of the initial ejected mass M,j o,
for GRB 090618.

In Fig. 41 we plot At,.. as a function of the initial NS mass and for different
masses of the SN core progenitor mass. The mass of the SN ejecta is assumed to
be Mej0 = Mcore — Myem, Where Mo, is the mass of the central compact remnant
(NS) left by the SN explosion. Here we assumed Mcore = (3-8) Mg at the epoch of
the SN explosion, and M;em = 1.3Mg), following some of the type Ic SN progenitors
studied in Refs. (143-145).

We can see from Fig. 41 that, for GRB 090618, the mass of the NS companion
that collapses onto a BH should be in the range 1.8 < Mys/Mg < 2.1 corresponding
to the SN Ic progenitors 3 < Mcore/Me < 8. The massive NS companion of the
evolved star is in line with the binary scenario proposed in Ref. 150. These results
also agree with the well-understood Ib/c nature of the SN associated with GRBs.
The most likely explanation for SN Ib/c, which lack H and He in their spectra, is
that the SN progenitor star is in a binary system with an NS; see also Refs. (143-145)
and also (171,172).

It is also interesting to compare the results on the IGC of an NS to a BH by
a type Ib/c SN'°2 with the results of Chevalier!>” on the accretion of a supernova
material by the central NS generated by the supernova. A total accreted mass of
up to 0.1M in a time of a few hours was obtained there for a normal type IT SN.
Thus a similar amount of mass can be accreted in the two cases, but in the latter
the accretion occurs over a longer time. To reach a high accretion rate of the inner
SN material onto the central NS, a mechanism is needed that helps to increase the
density of the NS surrounding layers, which is decreasing due to the expansion after
being unbound by the SN explosion. Ref. 157 analyzed the possibility of having a
reverse shock wave as this mechanism while it moves back through the SN core. The
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Fig. 41. Time interval Atqcc of the accretion process onto the NS as a function of initial NS mass
My s for selected values of the SN core progenitor mass Mcore. The horizontal dashed line is the
duration At = 32.5 s of the first episode of GRB 090618, which constrains the duration of the time
needed by the NS to reach the critical mass. The crossing points between the dashed horizontal
line and the solid curves give the NSs with Mg that reach the critical mass in the time At.

reverse shock is formed in the interaction of the mantle gas with the low-density
envelope. The time scale of the accretion process is thus determined by the time it
takes the reverse shock to reach the vicinity of the central newly born NS, which is
a few hours in the case of SN II progenitors. However, the existence of a low-density
outer envelope, e.g. H and He outer layers, is essential for the strength of the reverse
shock. Fall-back accretion onto the central NS is expected to be relevant only in SN
II but not in SN Ic like those associated to GRBs, where H and He are absent.

7.3. The collapse time and the possible role of neutrinos

The argument presented in 152 naturally explains the sequence of events: SN ex-
plosion — IGC-BH formation — GRB emission. Correspondingly, the accretion of the
material ejected by the SN into the nearby NS of the IGC model presented here
occurs almost instantaneously. Indeed for the SN expansion parameters obtained
from the observations of episode 1 in GRB 090618 (see Eq. (19), the accretion of
the SN material onto the nearby NS occurs in a few seconds (see Figs. 40 and 41).
The binary parameters are such that the ejecta density does not decrease too much
(from 10% to ~ 10* g cm™—?) before reaching the capture region of the NS, leading to
a high accretion rate. As pointed out in Ref. (157), radiative diffusion will lower the
accretion rate up to the Eddington limit (and then to even lower rates) when the
trapping radius of the radiation in the flow 74, = nMacc/(47rc),157 where k is the
opacity, is equal to the Bondi radius r5 = GMys/ vfel’ej, the gravitational capture
radius. The radius ry,. is located where the outward diffusion luminosity is equal
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to the inward convective luminosity. It can be checked that for the parameters of
our system given by Egs. (19)—(21), the equality 7+ = rp occurs in a characteristic
time ~ 200 days, where we used x = 0.2 cm? g~!. Thus, this regime is not reached
in the present case since the NS is brought to its critical mass just in a few seconds.
In the case analyzed by Ref. (157), it happens in a time ~ 8 days.

Only recently it has become evident, reading the classical paper of Ya.B.
Zel’dovich and collaborators,!”™ that the accretion process of the remnant ejecta
onto the NS originates a copious number of neutrino-antineutrino pair, which we
are currently examining (see also Ref. 174).

In conclusion, the IGC binary scenario applied here to the specific case of GRB
090618 naturally leads to understanding the energetics and the temporal coincidence
of SN and GRBs, as well as their astrophysical scenario and makes the correlation
of GRBs and SNe a direct consequence of the binary nature of the progenitor.

It also provides new predictions of the final outcome, originating from a binary
system composed of an evolved core and an NS. It is clear, however, that these
GRBs and their associated SNe form a special class of long GRBs and of SNe Ib/c.
There are in fact SNe Ib/c that are not associated to a GRB, e.g. SN 19941166 and
SN 2002ap.'¢7 Their observations refer to late phases of the SN evolution typically
~ 15-20 days after the original collapse process. The existing descriptions of these
late phases after 15-20 days from the original explosion make use of a Sedov-type
behavior r o t2/°, see Refs. (175,176). In the present case of the IGC we present
here for the first time, the first ~ 30 s of the very early evolution of the SN Ib/c
associated to a GRB (see Eq. (19). The energetic of this SN Ib/c, as shown from
episode 1, appears to be much higher than the ones of the usual SNe Ib/c not
associated to GRBS, Ejso, gpi1 o 10°2 erg.?! The reason for this marked difference is
certainly due to the accretion process during the SN explosion into the companion
NS and consequent gravitational collapse of the NS onto a BH. The description of
this challenging process, although clear from a general energetic point of view, has
still to be explored in detail theoretically and certainly does not show any relation
to the Sedov-type solution.

7.4. GRB 090618 general picture

In summary, we present in Fig. 42 the full interpretation of GRB 090618 observations
as the four different Episodes of the IGC paradigm.

8. On a Possible Distance Indicator from GRB-SN-IGC

It is appropriate to remember an important selection effect occurring in the study
of the IGC scenario. Only for systems with cosmological redshift z < 1 does the
current optical instrumentation allow the observation of the related SN Ib/c. A
particularly challenging analysis is that of the system GRB 10102353 in which the
SN is not detectable but the IGC nature of the source is clearly recognized by the
two different episodes in the GRB sources and the spectral features of the first
episode.
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Fig. 42. GRB 090618 observations as the the four different Episodes implied by the IGC paradigm:
A) Episode 1, B) Episode 2, C) Episode 3, and D) Episode 4 (i.e. the optical observations
of the associted SN). Above are the satellites that participated in the observations: (in clock-
wise order) Fermi/GBM (8-1000 keV), Coronas-Photon/RT-2 (15-1000 keV), Swift/BAT (15-150
keV), Swift/XRT (0.3-10 keV), Swift/UVOT (optical band), AGILE/Super-AGILE (18-60 keV),
AGILE/MCAL (350-10% keV), Suzaku/WAM (50-5000 keV), Konus/WIND (20-2000 keV). Be-
low are the ground based observatories that participated in the optical observations. Details in
Refs. 21,22,116.

o1 \ 10
Herschel telescope

8.1. The “Golden sample”

Following the case of GRB 101023, we have found,?? with G.B. Pisani and other
ICRANet researchers and Ph.D. students, and analyzed the X-ray emission of a
sample of 8 GRBs having F;s, > 10°? erg and satisfying at least one of the following
three requirements:

o the detection of a SN after about 10 days in the rest frame from the GRB
trigger,

e the presence of a double emission episode in the prompt emission: episode 1,
with a decaying thermal feature, and episode 2, a canonical GRB, as in GRB
09061822 and GRB 101023,'%3 and

e the presence of a shallow phase followed by a final steeper decay, namely episode
3.

The characteristics of the 8 GRBs are the following:

GRB 060729. In this source a SN bump was observed in the optical GRB af-
terglow.!3? It is at the same redshift z = 0.54 of GRB 090618 and shows a small
precursor plus a main event in the prompt light curve and a peculiar prolonged
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Table 6. The GRB sample considered
in this work. The redshifts of GRB
101023 and GRB 110709B, which are
marked by an asterisk, were deduced
theoretically by using the method out-
lined in Ref. (153) and the corresponding
isotropic energy computed by assuming
these redshifts.

GRB z E;so(erg)
GRB 060729 0.54 1.6 x 1052
GRB 061007 1.261 1.2 x 1054
GRB 080319B  0.937 1.4 x 1054
GRB 090618 0.54 2.7 x 1053
GRB 091127 0.49 1.4 x 1052
GRB 111228 0.713 2.3 x 1052
GRB 101023 0.9% 1.3 x 1053
GRB 110709B  0.75*  2.72 x 10%3
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Fig. 43. The X-ray luminosity light curves of the six GRBs with measured redshift in the 0.3—-10
keV rest frame energy range: in pink GRB 060729, z = 0.54; in black GRB 061007, z = 1.261; in
blue GRB 080319B, z = 0.937; in green GRB 090618, z = 0.54, in red GRB 091127, z = 0.49, in
cyan GRB 111228, z = 0.713.

duration for the X-ray afterglow.!”” The isotropic energy emitted in this burst is
Eiso = 1.6 x 10°2 erg.

GRB 061007. This GRB has no associated SN but is characterized by the pres-
ence of an almost long precursor where a clear evolving thermal emission was re-
ported.'”™ With an energetic of E;y, = 1.2 x 10°* erg at z = 1.261, it is the farthest
GRB in our sample. The large distance directly implies difficulties in the detection
of a SN from this GRB.

GRB 080319B. A debatable SN was reported also for GRB 080319B, well known
as the naked-eye GRB, whose prompt emission shows also a possible double emission
episode.!™ 181 Tts measured redshift is z = 0.937. This is one of the most energetic
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GRBs with E;,, = 1.4 x 10°* and its X-ray light curve is well described by a simple
decaying power-law.

GRB 090618. This GRB is the prototype of the IGC GRB-SN subclass. Its
prompt emission shows a clear episode 1 plus episode 2 structure in light curve and
spectrum. The measured redshift is z = 0.54 and the isotropic energy emitted by
the burst is Fjs, = 2.7 x 10°® erg. There is a clear identification in the afterglow
light curve of GRB 090618 of a late ~ 10 day optical bump associated to the
SN emission.'®? The characteristic parameters of this GRB, including baryon load
(B = 1.98 x 1073), the Lorentz gamma factor at trasparency (I's, = 495) and the
nature of the CBM ({ncpar) = 0.6 part/cm?3) have been estimated.??

GRB 091127 GRB 091127 is associated with SN 2009nz at a distance of z =
0.49.182 The isotropic energy emitted in this burst is Ejz, = 1.4 x 10°2 erg.'83

GRB 111228. A SN feature is reported in the literature also for GRB 111228,184
which shows a multiply peaked prompt light curve in the Fermi-GBM data. The
measured redshift of this GRB is z = 0.713, its isotropic energy is E;s, = 2.3 x 1052
erg and a dedicated analysis of this GRB will be presented elsewhere. The detection
of a SN in GRB 111228 is debatable, since the eventual optical bump has the
same flux than the host galaxy of the source, but SN features were observed in the
differential photometry between the last epochs of observations, where a transient
component was detected unrelated to the afterglow and consequently associated to
the SN.

GRB 101023. This GRB shows clear episode 1 plus episode 2 emission in the
prompt light curve and spectrum, but there is no detection of a SN and no measured
redshift because of the lack of optical observations at late times. We have estimated
the redshift of this source as z = 0.9 in analogy with the late X-ray afterglow decay
observed in the 6 GRBs with a measured redshift. This leads to the estimation of
an isotropic energy of Ej;s, = 1.3 x 1053 erg, a baryon load of B = 3.8 x 1073, a
Lorentz gamma factor at transparency of I'y, = 260, and an average density for the
CBM of ({(ncpa) =~ 16 part/cm3.153

GRB 110709B. Like GRB 101023, this GRB shows a clear episode 1 plus episode
2 emission in the prompt light curve and spectrum, but there is no detection of a
SN. This can be explained by the fact that it is a dark GRB, so its emission is
strongly influenced by absorption. Particularly interesting is the detection of a clear
radio emission from GRB 110709B.'8 There is no measure for the redshift but, as
for the case of GRB 101023, we have estimated it as z = 0.75 in analogy with the
late X-ray afterglow decay observed in the 6 GRBs with measured redshifts. This
leads to the estimation of an isotropic energy of E;,, = 2.43 x 10°2 erg, a baryon
load of B = 5.7 x 1073, a Lorentz gamma factor at transparency of I'y,, = 174 and
an average density of the CBM of (ncpa) ~ T6part/cm?.158
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8.2. The late X-ray emission observed by Swift / XRT

We have focused our attention on the analysis of all the available XRT data of these
sources.?? Characteristically, XRT follow-up starts only about 100 seconds after the
BAT trigger (typical repointing time of Swift after the BAT trigger). Since the
behavior was similar in all the sources, we have performed an analysis to compare
the XRT luminosity light curve L,s for the six GRBs with measured redshift z in
the common rest frame energy range 0.3—10 keV. To perform this computation,
the first step is to convert the observed XRT flux fo4s to the one in the 0.3—10
keV rest frame energy range. In the detector frame, the 0.3—10 keV rest frame
energy range becomes [0.3/(1 4 z)]—[10/(1 + z)] keV where z is the redshift of the
GRB. We assume a simple power-law function as the best-fit for the spectral energy
distribution of the XRT dataP:
dN
dAdtdE

We can then write the flux light curve f,; in the 0.3-10 keV rest frame energy
range as:

x E77. (23)

10 keV
T+z —
fo.:s ) "dE

frf:fobsml;;;v— :fobs(l'f'z)’y_l- (24)
0.3kev ETVAE

Then, we have to multiply f,; by the luminosity distance to get L, :
Loy =4mdi(2)fry, (25)

where we assume a standard cosmological model ACDM with €2, = 0.27 and Qy =
0.73. Clearly, this luminosity must be plotted as a function of the rest frame time
t,f, namely:

o tobs
14z
The X-ray luminosity light curves of the six GRBs with measured redshift in
the 0.3-10 keV rest frame energy band are plotted together in Fig. 43. What is
most striking is that these six GRBs, with redshift in the range 0.49—1.261, show
a remarkably common behavior of the late X-ray afterglow luminosity light curves
(episode 3) despite that their prompt emissions (episode 1 and 2) are very different
and that their energetics spans more than two orders of magnitude. Such a com-
mon behavior starts between 104 —10° s after the trigger and continues up to when
the emission falls below the XRT threshold. This standard behavior of episode 3
represents strong evidence of very low or even the absence of beaming in this par-
ticular phase of the X-ray afterglow emission process. We have proposed that this
late time X-ray emission in episode 3 is related to the process of the SN explosion
within the IGC scenario, possibly emitted by the newly born NS, and not by the

trf (26)

bhttp://www.swift.ac.uk/
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GRB itself.'™ This scaling law, when confirmed in sources presenting the episode 1
plus the episode 2 emissions, offers a powerful tool to estimate the redshift of GRBs
belonging to this subclass of events.

8.3. Determination of the power-law index

As an example, we present in Fig. 44 the rest frame X-ray luminosity (0.3 — 10 keV)
light curve of GRB 090618 (considered as a prototype for the common behavior
shown in Fig. 43) with the rest frame X-ray luminosity light curves of GRB 110709B
estimated for selected values of its redshifts, z = 0.4,0.6,0.8,1.0,1.2, and simi-
larly the correspondent analysis for GRB 101023 for selected values of the redshift,
z =0.6,0.8,1.0,1.2,1.5. We then find, with A.V. Penacchioni and other ICRANet
researchers and Ph.D. students, that GRB 101023 should have been located at
z ~ 0.9 and GRB 110709B at z ~ 0.75. These redshift estimations are within the
range expected using the Amati relation as shown in Ref. (153,158). This is an
important independent confirmation of validity for this new redshift estimator we
propose for the family of IGC GRB-SN systems. It should be stressed, however,
that the determination of the redshift is done assuming the validity of the standard
ACDM cosmological model for sources with redshift in the range z = 0.49-1.216.
We are currently testing the validity of this assumption for sources at larger cos-
mological redshifts.

Concerning the nature of the late X-ray emission discussed in 23, I am cur-
rently exploring the possibility that the emission process is linked to the decay of
transuranic elements produced by the interaction of the GRB with the SNe through
the r-process and accreted onto the newly-formed NS.
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Fig. 44. In green we show the rest frame X-ray luminosity light curve of GRB 090618 in the 0.3-10
keV energy range in comparison with the one of GRB 101023 (left) and GRB 110709B (right), com-
puted for different hypothetical redshifts: respectively, from blue to purple: z = 0.6,0.8,1.0,1.2,1.5
(left) and z = 0.4,0.6,0.8,1.0, 1.2 (right). The overlapping at late time of the two X-ray luminosity
light curves is obtained for a redshift of z = 0.9 (left) and z = 0.75 (right). For further details see
Ref. (153,158).
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9. The Case of GRB 090227B: Observations and Data Analysis

I will follow here some recent comprehension of GRB 090227B developed with M.
Muccino and other ICRANet researchers and Ph.D. students.

At 18:31:01.41 UT on February 27, 2009, the Fermi GBM detector!'?”
triggered and located the short and bright burst GRB 090227B (trigger
257452263/090227772). The on-ground calculated location, using the GBM trigger
data, was (RA, Dec)(J2000)=(11"48™36°,32°10'12"), with an uncertainty of 1.77°
(statistical only). The angle from the Fermi LAT boresight was 72°. The burst was
also located by IPN'® and detected by Konus-Wind,'®” showing a single pulse
with duration ~ 0.2 s (20 keV — 10 MeV). No X-rays or optical observations were
reported on the GCN Circular Archive, so the redshift of the source is unknown.

To obtain the Fermi GBM light-curves and the spectrum in the energy range 8
keV — 40 MeV, we made use of the RMFIT program. For the spectral analysis, we have
downloaded from the gsfc website ¢ the TTE (Time-Tagged Events) files, suitable
for short or highly structured events. We used the light curves corresponding to the
Nal-n2 (8 — 900 keV) and the BGO-b0 (250 keV — 40 MeV) detectors. The 64 ms
binned GBM light curves show one very bright spike with a short duration of 0.384
s, in the energy range 8 keV — 40 MeV, and a faint tail lasting up to 0.9 s after
the trigtime Ty in the energy range 10 keV — 1 MeV. After the subtraction of the
background, we have proceeded with the time-integrated and time-resolved spectral
analyses.

9.1. Time-integrated spectral analysis

We have performed a time-integrated spectral analysis in the time interval from
To — 0.064 s to Ty + 0.896 s, which corresponds to the Tyg duration of the burst.
We have fit the spectrum in this time interval considering the following models:
Comptonization (Compt) plus power-law (PL) and Band'?? plus PL, as outlined,
e.g. in Ref. (188), as well as a combination of Black Body (BB) and Band (see
Fig. 45). Within the Tyy time interval, the BB4+Band model improves the fit with
respect to the Compt+PL model at a confidence level of 5%. The comparison be-
tween Band+PL and Compt+PL models is outside such a confidence level (about
8%). The direct comparison between BB+Band and Band+PL models, which have
the same number of degrees of freedom, provides almost the same C-STAT values
for the BB+Band and Band+PL models (AC-STAT ~ 0.89). This means that all
three models are viable. For the BB+Band model, the ratio between the fluxes of the
thermal component and the non-thermal (NT) component is Fgp/Fnr & 0.22. The
BB component is important for the determination of the peak of the vF),, spectrum
and has an observed temperature kT = (397 £ 70) keV.

We have then focused our attention on the spike component, namely the time
interval from Ty — 0.064 s to Ty + 0.192, which we indicate in the following as the

°ftp://legacy.gsfc.nasa.gov/fermi/data/gbm/bursts
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Fig. 45. The 64 ms time-binned Nal-n2 light curve (top left panel) and the Nal-n2+BGO-b0 vF,
spectra (top right BB+Band, bottom left Band+PL, bottom right Compt+PL) of GRB 090227B
in the Typ time interval.

Tspike. We have repeated the time-integrated analysis considering the same spectral
models of the previous interval (see Fig. 46). Within the Tsp;ke time interval, both
the BB4+Band and Band+PL models marginally improve the fit of the data with
respect to the Compt+PL model within a confidence level of 5%. Again, the C-STAT
values of the BB+Band and Band+PL models are almost the same (AC-STAT ~
0.15) and they are statically equivalent in the Tp;ke. For the BB4+Band model, the
observed temperature of the thermal component is kT = (515 %+ 28) keV and the
flux ratio between the BB and NT components increases up to Fpp/Fnr ~ 0.69.

We have performed a further analysis in the time interval from Ty + 0.192 s to
Ty + 0.896 s, which we indicate as T4, by considering the BB+PL, Compt and
PL models (see Fig. 47). The statistical comparison shows that the best fit is the
Compt model and a thermal component is ruled out. For details, see Ref. (24).

In view of the above, we have focused our attention on the fit of the data of
the BB+Band model within the Fireshell scenario, being equally probable from a
mere statistical point of view with the other two choices, namely the Band+PL and
Compt+PL. According to the Fireshell scenario (see Sec. 3.3), the emission within
the Tspire time interval is related to the P-GRB and is expected to be thermal. In
addition the transition between the transparency emission of the P-GRB and the
extended afterglow is not sharp. The time separation between the P-GRB and the
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Fig. 46. The same considerations as in Fig. 45, in the Tk time interval.

peak of the extended afterglow depends on the energy of the e*e™ plasma E'¢ _,
the baryon load B and the CBM density ncpas (see Fig. 20). As shown in Figs. 19
and 20, for decreasing values of B an early onset of the extended afterglow in the
P-GRB spectrum occurs and thus an NT component in the Tspx. is expected. As a
further check, the theory of the Fireshell model indeed predicts in the early part of
the prompt emission of GRBs a thermal component due to the transparency of the
ete™ plasma (see Sec. 3), while in the extended afterglow no thermal component is
expected (see Sec. 3.4), as observed in the Tiq; time interval.

Our theoretical interpretation has shown to be consistent with the observational
data and the statistical analysis. From an astrophysical point of view the BB+Band
model is preferred over the other two models, statistically equivalent in view of the
above theoretical considerations.

9.2. Time-resolved spectral analysis

We have performed a time-resolved spectral analysis on selected shorter time inter-
vals of 32 ms (see Fig. 48) in order to correctly identify the P-GRB, namely finding
out in which time interval the thermal component exceeds or at least has a compa-
rable flux with respect to the N'T one due to the onset of the extended afterglow. In
this way we can single out the contribution of the NT component in the spectrum
of the P-GRB.
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The 64 ms time-binned Nal-n2 light curve (top left panel) and the Nal-n2+BGO-b0 v F},

spectra (top right BB4+PL, bottom left Compt, bottom right PL) of GRB 090227B in the T4

time interval.
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the Sec. 9.2.
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Within the first time-resolved interval the BB4+PL model has a thermal flux
(11.2 £ 3.4) times bigger than the PL flux; the fit with the BB4+Band provides
Fpp = (0.50 £+ 0.26) Fy, where the NT component is in this case the Band model.
In the second and fourth intervals, the BB+Band model provides an improvement
at a significance level of 5% in the fitting procedure with respect to the simple
Band model. In the third time interval as well as in the remaining time intervals
up to Tp + 0.192 s the Band spectral models provide better fits with respect to the
BB+NT ones.

This is exactly what we expect from our theoretical understanding: from Ty —
0.032 s to Ty 4+ 0.096 s we have found the edge of the P-GRB emission, in which the
thermal components have fluxes higher or comparable to the NT ones. The third
interval corresponds to the peak emission of the extended afterglow (see Fig. 51).
The contribution of the extended afterglow in the remaining time intervals increases,
while the thermal flux noticeably decreases.

We have then explored the possibility of a further rebinning of the time interval
Tspike, taking advantage of the large statistical content of each time bin. We have
plotted the Nal-n2 light curve of GRB 090227B using time bins of 16 ms (see
Fig. 49, left panels). The re-binned light curves show two spike-like substructures.
The duration of the first spike is 96 ms and it is clearly distinct from the second
spike. In this time range the observed BB temperature is kT = (517 £ 28) keV
and the ratio between the fluxes of the thermal and non-thermal components is
Fpp/Fnr =~ 1.1. Consequently, we have interpreted the first spike as the P-GRB
and the second spike as part of the extended afterglow. Their spectra are shown in
Fig. 49, right panels.

9.3. Analysis of GRB 090227B in the Fireshell model

The identification of the P-GRB is fundamental in order to determine the baryon
load and the other physical quantities characterizing the plasma at the transparency
point (see Fig. 17). It is crucial to determine the cosmological redshift, which can be
derived by combining the observed fluxes and the spectral properties of the P-GRB
and of the extended afterglow with the equation of motion of our theory. From the
cosmological redshift we derive Eé‘ite, and the relative energetics of the P-GRB and
of the extended afterglow components (see Fig. 17). Having so derived the baryon
load B and the energy Eé‘ite,, we can constrain the total energy and simulate the
canonical light curve of the GRBs with their characteristic pulses, modeled by a
variable number density distribution of the CBM around the burst site.

9.3.1. Estimation of the redshift of GRB 090227B

Having determined the redshift of the source, the analysis consists of equating
E'' _ = Ejs (namely Ejy, is a lower limit on E'% ) and inserting a value of the
baryon load to complete the simulation. The right set of Eé?ﬁ .~ and B is determined

when the theoretical energy and temperature of the P-GRB match the observed ones
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Fig. 49. The 16 ms time-binned Nal-n2 light curves of the P-GRB (left upper panel) and the
extended afterglow (left lower panel) and their Nal-n2+BGO-b0 vF, spectra (on the right, the
upper panel for the P-GRB and the lower one for the extended afterglow). The fit of the P-GRB
is composed of a BB superimposed by a Band spectrum; the extended afterglow is well fit by a
simple Band function.

of the thermal emission [namely Ep-grp = Epp and kTops = kThiue /(1 + 2)].
In the case of GRB 090227B we have estimated (see Ref. (24)) the ratio
Ep-grp/E't _ from the observed fluences

ete—
Ep-arp _ 4rd?FppAtpp/(1+ 2) _ SBB
EtOt 47le2FtotAttot/(1 + Z) Stot ’

ete—

(27)

where d; is the luminosity distance of the source and S = FAt are the fluences.
The fluence of the BB component of the P-GRB is Spp = (1.54 £ 0.45) x 107°
erg/cm?. The total fluence of the burst is Sor = (3.79 £ 0.20) x 10~° erg/cm? and
has been evaluated in the time interval from Ty — 0.016 s to Ty + 0.896 s. This
interval differs slightly from Tyy because of the new time boundaries defined after
the rebinning of the light curve at a resolution of 16 ms. Therefore the observed
energy ratio is Ep-grp/E'Y_ = (40.67 £ 0.12)%. As is clear from the bottom
right diagram in Fig. 17, for each value of this ratio we have a range of possible
parameters B and Eé"te_. In turn, for each of their values we can determine the
theoretical blue-shifted toward the observer temperature kTp,. (see the top right
diagram in Fig. 17). Correspondingly, for each pair of values of B and E'% _ we

ete—
estimate the value of z by the ratio between kTp;,. and the observed temperature
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of the P-GRB kT s,
Sobue )4 (28)
In order to remove the degeneracy [E!% _(z), B(z)], we have made use of the

ete—
isotropic energy formula

Enac/(142)
Siot Jmnt(ey EN(E)AE

2
Eiso = 4md; 1+2) f40000 ) (29)

EN(E)E

in which N(FE) is the photon spectrum of the burst and the integrals are due to the
bolometric correction on Si,;. The correct value is the one for which the condition
Eiso = E'Y _ is satisfied.

We have found the equality at z = 1.61 + 0.14 for B = (4.13 £ 0.05) x 107°
and Eé?ﬁe, = (2.83 4 0.15) x 1053 ergs. The complete quantities so determined are
summarized in Tab. 7.

Table 7. The results of the simulation of GRB
090227B in the Fireshell model.

Fireshell Parameter Value

B _ lerg] (2.83 £0.15) x 10°3
(4.13 £0.05) x 10~°
T (1.44 £0.01) x 10*
rp [cm] (1.76 £ 0.05) x 10%3
kTyue [keV] (1.34 £0.01) x 103

z 1.6140.14
(n) [particles/cm3] (1.90 £ 0.20) x 10~°

(6n/n) 0.82+0.11

9.3.2. The analysis of the extended afterglow and the observed spectrum of
the P-GRB

As mentioned in Sec. 3, the arrival time separation between the P-GRB and the peak
of the extended afterglow is a function of Eéite, and B and depends on the detailed
profile of the CBM density. For B ~ 4 x 107 (see Fig. 19) the time separation
is ~ 1073-1072 s in the source cosmological rest frame. In this light, there is an
interface between reaching transparency in the P-GRB and the early part of the
extended afterglow. This connection has already been introduced in the literature,
see e.g. Refs. (21,138,153).

From the determination of the initial values of the energy Eéite, = 2.83 x 10%3
ergs, the baryon load B = 4.13 x 10~°, and the Lorentz factor I, = 1.44 x 10%,
we have simulated the light curve of the extended afterglow by deriving the radial
distribution of the CBM clouds around the burst site (see Tab. 8 and Fig. 50). In
particular, each spike in Fig. 50 corresponds to a CBM cloud. The error boxes on
the number density on each cloud is defined as the maximum possible tolerance to
ensure agreement between the simulated light curve and the observed data. The
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Table 8. The density mask of GRB 090227B: in
the first column we list the number of CBM clouds,
in the second one their distance away from the BH,
and in the third one the number density with the
associated error box.

Cloud Distance [cm] ncpy [#/cm?®]
1th 1.76 x 1015 (1.940.2) x 107°
oth 1.20 x 107 (3.540.6) x 1076
3th 1.65 x 1017 (9.5+£0.5) x 10~6
4th 1.80 x 1017 (5.040.5) x 1076
5th 2.38 x 1017 (2.6 +£0.2) x 10~°
6th 2.45 x 1017 (1.040.5) x 1077
Tth 4.04 x 1017 (6.0+£1.0) x 10~°

nepu [units of 1073 partic]es/cm3]

i N

0 1 2 3 4

distance [units of 10'7 cm]

Fig. 50. The radial CBM density distribution of GRB 090227B (black line) and its range of
validity (red shaded region).

average value of the CBM density is (n) = (1.90 £ 0.20) x 10~5 particles/cm?® with
an average density contrast (dn/n) = 0.82 £ 0.11 (see also Tab. 7). These values
are typical of the galactic halo environment. The filling factor varies in the range
9.1x 1072 <R <1.5x 107, up to 2.38 x 10'7 cm away from the burst site, and
then drops to the value R = 1.0 x 10715, The value of the o parameter has been
found to be —1.99 along the entire duration of the GRB. In Fig. 51 we show the
Nal-n2 simulated light curve (8-1000 keV) of GRB 090227B and in Fig. 52 (left
panel) the corresponding spectrum in the early ~ 0.4 s of the emission, using the
spectral model described by Eq. 2. The simulation of the extended afterglow starts
T, — Ty ~ 0.017 s after the trigtime Ty. At the 13** Marcel Grossmann Meeting
in 2012, G. Vianello suggested extending our simulations from 1 MeV all the way
to 40 MeV, since significant data are available from the BGO detector. Without
changing the parameters used in the theoretical simulation of the Nal-n2 data, we



August 14, 2014 17:9 MG13 (Vol.1) — Proceedings (9.75 x 6.5in) A-

—

7 page 303

303

t-Talsl
0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

180

fit of the light curve of GRB 0902278 —— |
Fermi-GBM data light curve of GRB 090227B

160

140

120

100

80

cctunts/(crn2 s)

60

40

20

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
t-Tols]

Fig. 51. The Nal-n2 simulated light curve of the extended-afterglow of GRB 090227B; each spike
corresponds to the CBM density profile described in Tab. 8 and Fig. 50. The zero of the lower

z-axis corresponds to the trigtime Tp; the zero of the upper z-axis is the time from which we have
started the simulation of the extended afterglow, Ty, namely 0.017 s after Tp.
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Fig. 52. Left panel: the simulated photon number spectrum of the extended-afterglow of GRB
090227B (from Ty + 0.015 s to Tp + 0.385 s) in the energy band 8-1000 keV, compared to the
Nal-n2 data in the same time interval. Right panel: the same simulated spectrum, with the same

parameters, extended up to 40 MeV and compared to the Nal-n2 and the BGO-b0 data in the
same time interval.

have extended the simulation up to 40 MeV and have compared the results with the
BGO-b0 data (see Fig. 52, right panel). The theoretical simulation we performed,
optimized on the Nal-n2 data alone, is perfectly consistent with the observed data
all over the entire range of energies covered by the Fermi-GBM detector, both Nal
and BGO.

We turn now to the emission of the early 96 ms. We have studied the interface
between the P-GRB emission and the on-set of the extended afterglow emission.
In Fig. 53 we have plotted the thermal spectrum of the P-GRB and the Fireshell
simulation (from Ty + 0.015 s to Ty + 0.080 s) of the early interaction of the ex-
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tended afterglow. The sum of these two components is compared with the observed
spectrum from the Nal-n2 detector in the energy range 8-1000 keV (see Fig. 53, left
panel). Then again, from the theoretical simulation in the energy range of the Nal-
n2 data, we have verified the consistency of the simulation extended up to 40 MeV
with the observed data all over the range of energies covered by the Fermi-GBM
detector, both Nal and BGO. The result is shown in Fig. 53 (right panel).

1

1000

cm?s

photons kev
photons kev

10 20 50 100 200 500 1000 10 100 1000 10
Energy [keV] Energy [keV]

Fig. 53. Left panel: the time-integrated (from Ty + 0.015 s to Tp + 0.080 s) Fireshell simulation
in the energy band 8-1000 keV, dashed blue line, and the BB emission, dashed-dotted green line;
the sum of the two components, the solid red line, is compared to the observed P-GRB emission.
Right panel: the same considerations including the BGO data up to 40 MeV.

9.4. Conclusions

The comprehension of this short GRB has been improved by analyzing the different
spectra in the Tog, Tspire and Tiqq time intervals. We have shown that within the
Too and the Typike all the considered models (BB+Band, Band+PL, Compt+PL)
are viable, while in the T},; time interval, the presence of a thermal component is
ruled out. The result of the analysis in the Ti,; time interval gives an additional
correspondence between the Fireshell model (see Sec. 3.4) and the observational
data. According to this picture, the emission within the Tspir. time interval is
related to the P-GRB and it is expected to have a thermal spectrum with in addition
an extra N'T component due to an early onset of the extended afterglow. In this
time interval a BB with an additional Band component has been observed and we
have shown that it is statistically equivalent to the Compt+PL and the Band+PL
models. Our theoretical interpretation is consistent with the observational data and
statistical analysis. From an astrophysical point of view the BB+Band model is
preferred over the Compt+PL and the Band+PL models, being described by a
consistent theoretical model.

GRB 090227B is the missing link between the genuine short GRBs, with the
baryon load B < 5x107? and theoretically predicted by the Fireshell model,2%-86:149
and the long bursts.

From the observations, GRB 090227B has an overall emission lasting ~ 0.9 s
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with a fluence of 3.79 x 1075 erg/cm? in the energy range 8 keV — 40 MeV. In
absence of an optical identification, no determination of its cosmological redshift
and of its energetics was possible.

Thanks to the excellent data available from Fermi-GBM,!!? it has been possible
to probe the comparison between the observations and the theoretical model. In this
sense, we have then performed a more detailed spectral analysis on the time scale as
short as 16 ms of the time interval Tsp;x.. As a result we have found in the early 96 ms
a thermal emission which we have identified with the theoretically expected P-GRB
component. The subsequent emission of the time interval T,z has been interpreted
as part the extended afterglow. Consequently, we have determined the cosmological
redshift z = 1.61 £ 0.14, as well as the baryon load B = (4.13 £ 0.05) x 107°, its
energetics, B~ = (2.83 + 0.15) x 10°® ergs, and the extremely high Lorentz I’
factor at the transparency I'y, = (1.44 £ 0.01) x 10%.

We are led to the conclusion!'® that the progenitor of this GRB is a binary
neutron star, which for simplicity we assume to have the same mass, by the following
considerations:

(1) the very low average number density of the CBM, (ncpy) ~ 107°
particles/cm?; this fact points to two compact objects in a binary system that
have spiraled out in the halo of their host galaxy;?6 99,107,189

(2) the large total energy, Eé‘ite, = 2.83 x 10°3 ergs, which we can indeed infer in
view of the absence of beaming, and the very short time scale of the emission
also point to two neutron stars. We are led to a binary neutron star with total
mass m1 + ms larger than the neutron star critical mass, M,,. In light of the
recent neutron star theory in which all the fundamental interactions are taken
into account, see Ref. (31), we obtain for simplicity in the case of equal neutron
star masses, m; = mgy = 1.34Mg), radii Ry = Ry = 12.24 km, where we have
used the NL3 nuclear model parameters for which M., = 2.67Mg;

(3) the very small value of the baryon load B = 4.13 x 1075 is consistent with the
above two neutron stars which have crusts ~ 0.47 km thick. The new theory
of the neutron stars developed in Ref. (31) leads to the prediction of GRBs
with still smaller baryon load and consequently shorter periods. We indeed
infer an absolute upper limit on the energy emitted via gravitational waves of
~ 9.6 x 10°? ergs.16?

We can then generally conclude the existence of three different possible struc-
tures for the canonical GRBs (see Fig. 54 and Tab. 9):

a. long GRBs with baryon load 3.0 x 107* < B < 1072, exploding in a CBM
with average density of (nopar) &~ 1 particle/cm?, typical of the inner galactic
regions;

b. disguised short GRBs with the same baryon load as the previous class, but

occurring in a CBM with (ncpa) ~ 1072 particle/cm?, typical of galactic
halos:26-99,107,189
k)
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Fig. 54. The energy emitted in the extended afterglow (green curve) and in the P-GRB (red curve)

in units of the total energy Ei‘fef = 1.77 x 10%3 erg are plotted as functions of the parameter B.

In the figure are also shown some values of the baryon load: in black GRB 090227B and in red
and blue some values corresponding to, respectively, some long and some disguised short GRBs
that we analyzed.

Table 9. List of the long and disguised short GRBs labeled in Fig. 54
with in addition GRB 090227B. For each burst the total energy of the
plasma, the baryon load, and the average CBM density are indicated.

label GRB B _ [erg] B (neBa) [#/cm?)

(a) 090618  2.49 x 1053  1.98 x 1073 1.0

(b)  080319B  1.32x 10°%  2.50 x 1073 6.0

(c) 991216  4.83 x 1053 3.00 x 1073 1.0

(d) 030329  2.12x 1052 4.80 x 1073 2.0

(e) 031203  1.85x 105°  7.40 x 1073 0.3

() 050509B  5.52 x 10*®  6.00 x 104 1.0 x 1073

(g) 060614  2.94 x 1051 2.80 x 1073 1.0 x 1073

(h) 970228  1.45 x 10°%  5.00 x 1073 9.5 x 1074
090227B  2.83 x 10°%  4.13 x 107° 1.9 x 10~°

c. genuine short GRBs which occur for B < 10~° with the P-GRB predominant
with respect to the extended afterglow and exploding in a CBM with (ncpy) =~
10~? particle/cm3, typical again of galactic halos, GRB 090227B being the first
example.

Finally, if we turn to the theoretical model within a general relativistic descrip-
tion of the gravitational collapse to a 10M g BH, see e.g. Ref. (190,191) and Fig. 2 in
Ref. (192) with L. Vitagliano and other ICRANet researchers and Ph.D. students,
we find the necessity of time resolutions on the order of a fraction of a ms, possibly
down to us, in order to follow such a process. One would need new space missions
with larger collecting area to prove with great accuracy the identification of a ther-
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mal component. It is likely that an improved data acquisition with high signal to
noise ratio on a shorter time scale would show more clearly the thermal component
as well as distinguish more effectively different fitting procedures.

10. Conclusions

The nature of GRBs is presenting itself as one of the greatest challenges in human
understanding and one of the richest and most detailed observational diagnostics
ever encountered within physics and astrophysics. It is clear that phenomena never
before explored in this domain can now be submitted to theoretical and observa-
tional scrutiny. In the GRB-SN connection we have introduced, in analogy with the
S-matrix of particle physics, a Cosmic Matrix (C-Matrix) in which the IN-states
are a NS and an evolved core undergoing SN explosion, in a binary system, and the
OUT-states are a BH and a newly-born NS. With the same spirit, the C-Matrix of
a genuine short GRB has as IN-states two NSs and as OUT-states GWs emission
and a BH formation.
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