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1 Introduction and summary

Among the variety of astrophysical phenomena, Gamma-Ray Bursts (GRBs) are the most
fascinating, as witnessed by the daily frequency of publications on this subject. The feature
making them unique is the huge amount of energy they emit in a short time interval as
electromagnetic radiation: in one second they reach the luminosity of all stars of the whole
visible universe in that second.

Until almost 40 years ago GRBs were completely unknown and no astrophysical or cos-
mological model predicted their existence. The GRBs were discovered by chance in 1967 by
Vela satellites, which were part of a space US program aimed to verify the observance of a
nuclear weapon band treaty.

The first revolution dates back in Spring 1991 by BATSE detector; the observations of
BATSE confirmed that GRBs are isotropic: from the catalogs of more than 2000 events
it has been concluded that there is not any preferential direction in space. Moreover a
bimodal distribution of GRBs according to their temporal duration has been found. The
second revolution occurred on February 27" 1997 when the Italian-Dutch satellite BeppoSAX
detected the late time emission called afterglow; moreover BeppoSAX confirmed that GRBs
explode at cosmological distance, as guessed by their discoverers at beginning of "70. This
discovery ruled out the wide variety of models born in the last years. The third revolution
is expected to occur by Swift satellite, to be launched in late 2004; Swift is an autonomous
rapid-slewing satellite for observation of transients in multiwavelength and is expected to
shed light on GRB progenitors, to study ultrarelativistic outflow in cold medium and to use
GRB to explore early universe out to z > 10.

The present work contains the study of the afterglow phase of a model for GRBs, according
to which the phenomenon is triggered by the vacuum polarization process of Heisenberg-
Euler-Schwinger [60, 131] in the space-time surrounding a non rotating ElectroMagnetic
Black Hole (the so-called the EMBH model). The region outside the black hole horizon where
the vacuum polarization occurs has been called “dyadosphere” [95, 96]. From dyadosphere
an electron-positron-photon plasma optically thick expands at ultrarelativistic velocity. This
plasma, which in literature is commonly called “fireball”, accelerates (Pair ElectroMagnetic,
or PEM, pulse phase) up to the completely inelastic collision with the baryonic matter left
over in the gravitational collapse; then the plasma, loaded by baryonic matter, re-accelerates
(Pair ElectroMagnetic Baryonic, or PEMB, pulse phase) up to the transparency point where
all the photons are assumed to be emitted (the so-called Proper-GRB, or P-GRB [103, 104]).
In the following eras the remaining baryonic matter pulse, called Accelerated Baryonic Pulse
(ABM pulse) [103, 104], slows down in the collision with Interstellar Medium sweeping up
the cold matter surrounding the source at large distance, from roughly 10** cm to 10'7 cm.

The other models found in literature are mostly of phenomenological nature and limit



themselves to give the kinematics of energy emission or to describe limited regions of the
expansion by approximated power laws. In literature essentially a series of models facing
piecewise the phenomenon can be found: either models of the inner engine which estimate by
order of magnitude the main processes by satisfying energetic and time scale requirements but
do not make detailed prediction of the observable quantities as time-structured luminosity
emitted or time-resolved spectra, or scenarios for the expansion of the plasma, as internal or
external shock to be described later on, which from initial conditions disentangled from the
detailed properties of the source, as a certain fireball with given particle number density or
Lorentz v factor or electron energy distribution, try to reproduce light curves and spectra.

The uniqueness of this model is due to the possibility of predict time structured light
curve and spectral distributions at any time by a specific set of equation of motion, so by
studying the dynamics of the process, and by an assumption on high energy spectrum. The
real advantage of this model is that the theoretical predictions of luminosity, Lorentz ~ factor
and spectral behaviour strongly limit the initial conditions, fixing the value of the parameters
of the model.

An essential feature of the model is the dependence of the result globally on only four
parameters for long bursts: the total energy emitted by the EMBH in the eTe™ and photons
plasma in the dyadosphere, called Egy, [116]; the amount of protostellar matter left over
in the gravitational collapse B in units of Fg,, defined as B = Mpc?/Eqy, [117]; an other
parameter called R describing the porosity of the matter around the source [110]; finally the
average value of number density of interstellar medium (n;g,,) [106, 107].

The main results of this work are the contribution to find the following results:

e The most general GRB is made by an early emission (P-GRB or Proper-GRB), with
a time-scale not larger than 1 or 2 seconds and an afterglow, whose light curve is
characterized by an increasing phase followed by a peak and a decreasing phase. This
peak has been identified with the long GRBs prompt emission. In this scenario short
GRBs are not but P-GRB, while long GRBs present both a peak and a decreasing late
time emission, which is the observed afterglow (see sect. 2.4.1 and [104]).

e A possible GRB/SuperNova connection is based on the process of induced gravitational
collapse of a companion star of the black hole originating the GRB [105].

e A thermal distribution in the comoving frame of the expanding system is assumed for
X and v bands of the spectrum [110]. This assumption leads to a natural bending of
the late time light curves making not necessary the hypothesis of a beamed emission
within a collimated jet from the inner engine, which has been introduced in literature
essentially to reduce the energy requirements.

These results led to a natural explanation of the bimodal distribution of BATSE (see
sect. 2.4.1), tracing back both long and short events to the same progenitor system; show
that the temporal substructure of light curves can be reproduced by modelling the density of
cold InterStellar Medium around the source; kinematically agree with the GRB/Supernova
observed coincidence in space and time; explain the apparently non-thermal spectrum ob-
served as a superposition of black bodies spectra with different temperatures.

In chapter 2 we present the history of the discovery of GRBs, the main observational
results which find a quite natural explanation within the EMBH model and a brief review of



the theoretical models for the progenitor and for the expanding fireball, spherically symmetric
or collimated in a beaming angle. In chapter 3 the first three eras of the EMBH model are
presented until the transparency point is reached, from the formation of the dyadosphere
around an already formed black hole to the expansion of the PEM pulse and the collision
with the baryonic remnant, to the expansion of the PEMB pulse; the identification of the
parameters of the model is discussed. In chapter 4 the constitutive equations for the afterglow
are written: the energy-momentum conservation equation at all orders, the relation between
time at the source and time at the detector, the expression of observed luminosity taking into
account the off-axis contribution; the best fit of the bolometric luminosity of the prototype
GRB 991216 is presented, with the identification of the precursor as P-GRB and consequently
the interpretation of the bimodal distribution of BATSF; a proposal for the explanation of
the observed GRB-Supernova connection kinematically compatible with the observations;
finally a brief discussion of the ultrarelativistic approximation of v factor in literature. In
chapter 5 the assumption of thermal origin of the X and ~ radiation is presented with the
prediction of the hard-to-soft spectral evolution and a comparison with the Band formula
for the time-integrated spectrum again in the case of GRB 991216. In chapter 6 light curve
prediction and spectral behaviour are qualitatively analyzed for the limiting case of a zero
material not collapsed in the black hole, i.e. for the case of short burst. A soft-to-hard
evolution is found.

The following appendixes contain the papers published on refereed journals or proceedings:

e Appendix 1: Ruffini R., Bianco C.L., Chardonnet P., Fraschetti F., Xue S.S., “Rela-
tive space-time transformations in GRBs”, ApJ, 555, 107, 2001;

e Appendix 2: Ruffini R., Bianco C.L., Chardonnet P., Fraschetti F., Xue S.S., “On
the interpretation of the burst structure of GRBs”, ApJ, 555, L113, 2001;

e Appendix 3: Ruffini R., Bianco C.L., Chardonnet P., Fraschetti F., Xue S.S., “On a
possible GRB-supernova time sequence”, ApJ, 555, L117, 2001;

e Appendix 4: Ruffini R., Bianco C.L., Chardonnet P., Fraschetti F., Xue S.S., “On the
physical processes which lie at the bases of time variability of GRBs”, Nuovo Cimento,
Vol.116 B, 99, 2001;

e Appendix 5: Ruffini R., Bianco C.L., Chardonnet P., Fraschetti F., Xue S.S., “On
the structure of the burst and afterglow of Gamma-Ray Bursts I: the radial approxi-
mation” | International Journal of Modern Physics D, 12, 2, 173, 2003;

e Appendix 6: Ruffini R., Bianco C.L., Chardonnet P., Fraschetti F., Xue S.S., “On
the structures in the Afterglow Peak Emission of Gamma-Ray Bursts”, ApJ, 581, 119,
2002;

e Appendix 7: Ruffini R., Bianco C.L., Chardonnet P., Fraschetti F., Vitagliano L.,
Xue S.S., “New perspectives in physics and astrophysics from the theoretical under-
standing of Gamma-Ray Bursts”, Proceedings of the X Brazilian School of Cosmology
and Gravitation, editors M. Novello, S.E. Perez Bergliaffa, AIP Conference proceedings
668, p. 16, (2003), astro-ph/0302557;



Appendix 8: R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue, “The
EMBH model in GRB 980425 and GRB 991216”, Proceedings of the 3" Workshop
“Gamma-Ray Bursts in the Afterglow Era” editors M. Feroci, F. Frontera, N. Masetti,
L. Piro, ASP Conference Series, 312, p. 349, 2004, pre-print: astro-ph/0409341;

Appendix 9: Ruffini R., Bernardini M.G., Bianco C.L., Chardonnet P., Fraschetti
F., Xue S.S.; “GRB 980425, SN1998BW and the EMBH model”, Proceedings 34th
COSPAR (GRB AFTERGLOW PHYSICS) Scientific Assembly, The Second World
Space Congress, Houston, TX, USA, 10-19 October 2002, in press, astro-ph/0306246;

Appendix 10: Ruffini R., Bianco C.L., Xue S.S., Chardonnet P., Fraschetti F.,
Gurzadyan V., “On the instantaneous spectrum of Gamma-Ray Bursts”, International
Journal of Modern Physics D, 13, 5, 843, 2004;

Appendix 11: Fraschetti F., Bernardini M. G., Bianco C.L., Chardonnet P., Ruffini
R., Xue S.S., “The GRB 980425-SN1998bw Association in the EMBH Model”, to
appear in the Proceedings of the Los Alamos “Gamma Ray Burst Symposium” in
Santa Fe, New Mexico, USA, September 8-12 2003 (AIP Conf. Ser.), pre-print: astro-
ph/0407147;

Appendix 12: Corsi A., Bernardini M.G., Bianco C.L., Chardonnet P., Fraschetti F.,
Ruffini R., Xue S.S., “GRB 970228 Within the EMBH model”, to appear in the Pro-
ceedings of the Los Alamos “Gamma Ray Burst Symposium”, Santa Fe, New Mexico,
USA, September 8-12 2003 (AIP Conf. Ser.), pre-print: astro-ph/0407233,;

Appendix 13: Bernardini M.G., Bianco C.L., Chardonnet P., Fraschetti F., Ruffini
R., Xue S.S., “A New Astrophysical “Triptych”: GRB030329/SN2003dh/URCA-2",
to appear in the Proceedings of the Los Alamos “Gamma Ray Burst Symposium”,
Santa Fe, New Mexico, USA, September 8-12 2003 (AIP Conf. Ser.), pre-print: astro-
ph/0407503;

Appendix 14: Ruffini R., Fraschetti F., Vitagliano L., Xue S.S., “Observational sig-
natures of an electromagnetic overcritical gravitational collapse”, International Journal
of Modern Physics D, in press, pre-print: astro-ph/0410233.



2 Historical overview, observations,
models

In the first three sections of this chapter the history of discovery of Gamma-Ray Bursts is
described. The first signal has been detected by chance in the end of ’60s by Vela satellites
whose aim was to check the observance of a nuclear weapon band treaty (sect. 2.1). Later
on the BATSE detector has shown the isotropy of the sky distribution (sect. 2.2) and in
1997 BeppoSAX satellite discovered the afterglow and confirmed the cosmological origin of
these events (sect. 2.3). In sect. 2.4 a general review is presented of the main observational
results which find a simple and quite natural explanation within the model developed in this
work, as time duration and time variability and the Band model for time integrated spectral
distribution; the observed coincidence in space and time of a GRB and a Supernova. In
sect. 2.5 some theoretical models for the progenitor are outlined: the coalescence of a binary
system or the collapse single massive object, as the “Supranova” model. In sect. 2.6 the
historical path leading from the necessity to explain the apparently non-thermal observed
spectrum to the fireball scenario is presented. In sect. 2.7 the reason of the introduction
of the beamed emission and the interpretation of observations invocated to justify it are
outlined.

2.1 Vela satellites: discovery

In this chapter the research lines are traced which led to the identification of Gamma-Ray
Bursts (GRBs) as events of cosmological nature. The Beppo-SAX satellite in 1997 discovered
the afterglow: the phenomenon is not limited to a brief and intense explosion, but the source
of the event remains active for a period of hours, days or months.

In 1963 the U.S. Air Force launched a series of satellites inspired by a recently signed
band nuclear tests treaty [15]. Band signatories engaged themselves band nuclear tests
in terrestrial atmosphere or in space. These satellites, called Vela (from spanish “velar”, to
watch), were aimed to treaty conditions observance inspection [141]. Satellites were launched
and made operative in couple with two identical satellites in opposite points of a circular orbit
with a diameter of 250.000 km (orbital period of 4 days) so that no part of Earth surface was
hidden to direct observation. Vela satellites had on board X, v rays and neutron detectors,
designed by Los Alamos Scientific Laboratory (now LANL) and by Sandia Laboratories from
Albuquerque NM to monitor space environment; simultaneous indication of an explosion by
many detectors would have confirmed the nuclear event. If the explosion would occur on
the hidden Moon surface or behind a thick screen, initial X flash would not be visible to
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detectors, but the radioactive material expanding cloud generated by the nuclear explosion
would have been detected in . The Vela satellites were progressively improved, until with
Vela 5a and 5b (launched in 1969) and Vela 6a and 6b a sufficient accuracy was reached to
determine the origin direction of the nuclear explosion by time delay between triggers of two
satellites: the light travel time from one device to another, roughly one second, was larger
than the temporal resolution, roughly 0.2 seconds.

In 1965 with the construction and launch of satellites Vela 3, Ray Klebesadel, from LANL,
was encharged of X and ~ instrumentation. He found that events that actived the detectors
but that were not nuclear explosions were put aside for future studies.

In 1972 the obtained temporal resolution let Ray Klebesadel, ITan Strong and Roy Olsen,
from Los Alamos [22, 64, 132, 147] to determine the origin direction of events which seemed
nuclear detonation but apparently not originated from the Earth or the Sun. They concluded
that these events were probably of cosmological origin. The data of Vela 4 satellites were
used to build a temporal profile of the phenomenon, or the count number of photons received
on the detector in a certain energy band, so the energy observed as a function of time.
This result was promptly published in 1976 [134]. The resonance caused by the discovery
is witnessed by the prompt and huge number [62, 89, 91] of theoretical and experimental
publications on this subject.

Among the numerous theories elaborated to explain the GRB origin around middle '80s,
some of these proposed that GRB originate from neutron stars in our galaxy, but late
observations ruled out these models.

2.2 The BATSE detector: isotropy

A second phase in observational research of GRBs has been open by BATSE detectors
(standing for ”Burst and Transient Source Experiment”) on the NASA observatory called
COMPTON-GRO (COMPTON - Gamma-Ray Observatory), launched in Spring 1991 and
landed in June 2000. Space missions using satellites were necessary since a flux of v rays
cannot be observed on the earth surface because they are absorbed in atmosphere at tens of
kilometres from sea level.

BATSE data allowed a wide and accurate analysis of GRBs since 2700 events have been
observed in roughly 9 years, while satellites Vela ba e 5b, 6a e 6b recorded only 73 events
from April 1969 to April 1979. The observations of BATSE confirmed that no preferential
direction in the sky for GRBs exist: if they were originated in our Milky Way, a dominant
amount of events would have been located in the galactic plane, concentrated in the direction
of the center of Milky Way, and less in the surrounding halo. Furthermore the small number
of soft events in BATSF catalog allowed to exclude the galactic neutron star model, making
real the possibility of an extragalactic nature of GRBs.

The observed isotropy of these events (see fig.2.1) still left open two alternatives: GRBs
could come from a spherical cloud of neutron stars surrounding solar system at small distance
(about hundreds of light years), like the Oort cloud for comets, or they were objects of
cosmological origin. But it was highly unlikely that this cloud would exist only in the near
vicinity of solar system, making it a preferred system, so that these explosions could occur
only in far away galaxies.
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2704 BATSE Gamma-Ray Bursts

Figure 2.1: On average roughly three times a day the sky in v band enlights with an explosion.
The map represents the sky in galactic coordinate. The points indicate the position
of the 2704 explosions observed by BATSE from April 5" 1991 to June 4" 2000.
The phenomenon is completely isotropic, but the cosmological distance was definitely
confirmed only by BeppoSAX satellite.

2.3 The satellite Beppo-SAX: cosmological distance

The cosmological origin of GRBs was confirmed by the Italian-Dutch satellite Beppo-SAX
(Satellite per Astronomia X in honour of Giuseppe Occhialini), which on February 27" 1997
discovered the “afterglow” in X band: eight hours after the main deflagration, the detectors
of satellite pointed towards the event found a still active source in X band which lasted
some days [25]. This observation was promptly followed by others in optical [139] and radio
bands [40], which coincided with the X-ray location. Later on the publication frequency on
this subject further increased [54]. Through optical absorption spectroscopy on the event of
May 8 1997 (GRB 970508), a redshift z = 0.835 was found; similar values have been found
later confirming the cosmological nature of the event.

The main consequence of the cosmological distance on the source is that they turn out to
be much more energetic than expected. If the source is located at cosmological distance, in
the assumption of isotropic emission from the source, it turns out from the measurements of
observed flux an energy release of the order of 10°! — 10°* erg. Since the rest energy of the
Sun is roughly My c? ~ 10%*erg, in a brief time interval this source emits an amount of energy
equal to the rest energy of a star of average dimension. This would induce us to consider
GRB a relatively rare event: if a constant rate with respect to cosmic time is assumed, from
BATSE observations a rate is estimated of one GRB per million year per galaxy which is
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BATSE 4B Catalog

80 [T TTTTII [T ||||||| [T ||||||| [T ||||||| T T THTTTT T T TTTTTI
60 — —
98]
'_ - —]
(98]
(e | ]
D)
m | |
S 40— —
x L —
L
(an] - ]
>
D) — |
=
20 — —
O L L iLIi | ||||||| 1 1 ||||||| 1 ||||||| 1 ||||||| L Lt
0.001 0.01 0.1 1) 10. 100. 1000.

Tqo (seconds)

Figure 2.2: Histogram of GRB time duration from BATSE 4B catalog [6]. The duration is
computed by the Toy (Ts0) criterion, according to which the duration of an event
is asssumed to be the time interval during which is collected from 5% (25%) to
95% (75%) of the total energy emitted. A time interval is chosen because, due to
background noise, it is never possible to determine the instant of beginning (0%)
and of the end (100%) of the signal. From this histogram emerges that GRBs
divide in two classes: “short GRBs” and “long GRBs”.

roughly 1/3000 the rate of Supernova [91].

It has to be noted that at present only the redshift of some tens of sources has been
measured by spectroscopic observations, resulting all of the order of unity, except some next
cases as GRB 980425 (z = 0.0085) and GRB 030329 (z = 0.169), so that the conclusion
that GRBs are cosmological comes from an extrapolation from tens to thousands of sources.
Moreover all these sources with measured redshift are long (see sect. 2.4.1), because for short
events no redshift has been measured, due to the lack of afterglow observations; just in the
recent short GRB 040924 an optical afterglow has been observed but the redshift is unknown
yet [33].
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Figure 2.3: Variability of temporal profile of a single event with time scale down to ms and differ-
ence of temporal profile between different events is shown, making evident the difficulty
of building a single model reproducing all observational features. Usually “long” events
present a more complicated temporal structure than “short” ones.



2.4. OBSERVATIONS

2.4 Observations

2.4.1 Time duration and time variability

Among the observational features of GRBs to be underlined within the EMBH model
there are the temporal duration, the temporal sub-structure, the spectral behaviour and the
GRB/SN connection.

In fig. 2.2 the histogram of time duration of GRBs observed in BATSE 4B catalog is
reported [6]. This distribution seems strongly bimodal, even if some statistical analysis
conducted by a neural network agorithm [4] tried to indicate the existence of a third class of
GRBs with an intermediate duration. The events in fig. 2.2 are distributed in two classes:
“long GRBs” (Typ > 2 s) with a duration peaked around 50 s and “short GRBs” (Tyg < 2 s)
with a duration peaked around 0.3 s [65]. Apparently short events are in ratio one to three
with respect to long ones. However short bursts due to their brief duration could easily
have been hidden by spurious signals; this selection effect makes underestimate the rate of
short events. By the analysis of the BATSE catalogs' Tavani in 1998 [137] confirmed the
existence of two families of GRBs precedently identified in [65] according to their temporal
duration and spectral properties. The rapid response of Swift instrument will shed light on
the distinction between the two families.

It is still open the question whether the GRBs long and short are different phenomena,
originated by progenitors of different nature or due to different mechanisms of emission
of electromagnetic radiation, not simply the same phenomenon at different time scales.
The EMBH model provides an interesting answer to the previous question: from the same
progenitor, an electromagnetic black hole (EMBH), the internal energy released by the source
and kept inside the adiabatically expanding system is emitted entirely in short burst when
the transparency condition with respect to Thomson scattering is reached; in the following
eras the internal energy developed in the collision of the expanding system with the cold
interstellar medium is emitted in the long burst. For a further discussion see fig. 4.7 and
sect. 4.8.

Other relevant features of GRBs are the variability of profile of the light curve between
one GRB and another one and the very high irregularity of the single temporal profile [35].
This irregularity clearly emerges in fig. 2.3. The temporal profiles range from a simple FRED
structure (Fast Rise and Exponential Decay, indicating a very rapid rise followed by a slower
exponential decay) to a multipeak structure with a rise time down to §7" ~ 10 msec in which
the first peak is not always the most intense and, when is the case, the second peak is not
significantly less intense than the first one. If a time variability index N is defined in the form
N =6T/T, avalue N ~ 1072 — 107" is often found. High temporal variability (N < 1) has
been observed also in a significant sample of short bursts BATSE 4B catalog [80]. Within
EMBH model the complex temporal structure of light curve is correlated to inhomogeneities
of ISM, as explained in sect. 4.9.

see http://f64.nsstc.nasa.gov/batse/grb/catalog/4b/ maintained by W.S. Paciesas et al.
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2.4. OBSERVATIONS

2.4.2 Spectral distribution

GRBs are characterized by an apparently non-thermal observed spectrum. Among the
models trying to explain the energy distribution of the observed radiation, the most refereed
one is the Band model [5], based on an empirical formula for time integrated spectrum not
directly related to the underlying physical processes, but introduced in order to provide a
unified description of the spectral features of GRBs. The Band function is essentially made
of two smoothly connected power laws:

E ¢ E
- @ P < —
A (100 s > exp ( 0> for E < (a— ) Ey

N(E) = (2.1)
a—p
AEP {(a—ﬁ)ﬂ)} exp(f — a) for £ > (o — B) Ey

100 keV

where N(E) is the photon count number in photons cm™ s7! keV~!. The free parameters

are A, the normalization constant at 100 keV:; «, the low energy power law spectral index;
0, the high energy power law spectral index; Ej, related to the peak energy in the F — Fg
diagram (F is the flux in counts/cm?sec) by Epear = (a4 2)Eo; Epear. represents the energy
at which most of the luminosity is emitted. Moreover Band parameters do not have universal
values but vary from burst to burst: from an analysis of the spectra of twelve bursts with
known redshifts [3], a large dispersion in Band parameters has been found. In a recent work
[52] a further distintion between short and long events has been found in the average low
energy power law index of time integrated spectrum: < o >= —0.58 and < a >= —1.05
respectively. However due to the “shape-shifting” [26] of instantaneous spectra, the time
integrated spectra can loose distinguishing features of the parameters as time evolution
of low energy index a. Moreover a model consistent with time integrated spectra can be
inconsistent with time resolved spectra. In chapt. 5 we show that EMBH model reproduces
both integrated and resolved spectra in agreement with observations.

A model proposed to explain the observed spectra is based on the assumption that op-
tically thin plasma of relativistic electrons behind the shock front of the expanding system
accelerated in a magnetic field emit synchrotron radiation, if energy distribution of the rel-
ativistic electrons has a single power law form. However in [94, 51| the authors have shown
that the standard model of synchrotron emission does not give a good explanation of the
whole observed spectra since the theoretically predicted limit of the low energy spectral index
a for time resolved and time integrated spectra is violated for a non negligible part of the
BATSE sample. This at least indicates that synchrotron shock model can not be the only
emission mechanism of GRBs and a significant energy fraction must follow other spectral
distributions.

Sometimes spectral lines has been observed as the emission iron line in GRB 991216 at
roughly 37 hours since trigger [93]. The presence of iron or X-ray lines in the spectra is
a useful tool to estimate the redshift for those puzzling bursts detected in X rays but not
optically, e.g. because of dust absorption of the host galaxy.
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2.4.3 GRB/SN connection

A correlation between the GRBs and Supernova events exists and has been established by
many works [48, 49, 66, 140]. On April 25" 1998 a prompt emission was detected by GRBM
of BeppoSAX in (40-700)keV [46, 86, 87] and by BATSE in (50-300)keV. The source was
then localized by WFC of BeppoSAX [46, 86, 87]. The great novelty was that the GRB was
observed almost in coincidence in time and space direction as SN1998bw, a type Ic Supernova
exceedingly bright in optical and radio. The peculiarity of this GRB is the atipically low
energy (Ey; ~ 10% erg) and the atipically low distance (2 = 0.00835). In addition to the
source GRB 980425 and the supernova SN1998bw, two X-ray sources have been found by
BeppoSAX in the error box for the location of GRB 980425: a source SI and a source S2
[87]. Since the nature of the two sources S1 and S2 was not clear, a variety of slopes in the
decaying part of the afterglow have been proposed (see fig. 7(c) in [87]). In 1998 Kulkarni
and collaborators [66] have proposed to explain both the supernova SN1998bw and the
GRB 980425 observations by a new class of GRBs, distinctly different from the cosmological
ones due to its very low redshift, both originated by a single unusual supernova event. Due
to the very large value of kinetic energy of the ejecta (roughly 10°? erg), much larger than
for any observed supernova, it has been tried to identify [63] the supernova and GRB event
with the “hypernova” described for the first time by Paczyniski [83] (see Sect. 2.5).

The extremely low value of total energy emitted in GRB 980425 (Ey,; ~ 10%erg) with
respect to the energy estimate of SN 1998bw (FEi:/Esny ~ 107!1) made possible observation
of light curve of the underlying Supernova which if connected to a more energetic GRB
could remain hidden by its predominant emission. This indicates that the rate of SN events
associated to GRBs could be at present underestimated.

More recent is the case of GRB 030329. GRB 030329 has been detected on March 29,
2003. Its very high fluence for the prompt emission (1.2 x 10~% in the 30 — 400 keV band, as
measured by HETE [101]) and the bright X-ray afterglow observed by Rossi-XTE [71, 72|,
and by XMM-Newton [136] provided a wealth set of observational data. As GRB 980425
this event has been observed at quite low distance: the redshift of its host galaxy is z =
0.1685 [16, 56]. From the optical afterglow 7 days after the burst, it has been found the
spectroscopic evidence of the underlying Type Ic supernova SN2003dh with a large expansion
velocity [61, 133]. At variance from GRB 980425, the GRB 030329 is supposed energetically
dominant on the underlying supernova.

The observational data left open any possible time sequence between GRB and SN ex-
plosion, because the time of SN is extrapolated back from the form of spectra, so that it is
model dependent and uncertain [74]. Within the EMBH model a time sequence GRB-SN has
been proposed: in a binary system made by the EMBH and a metastable white dwartf, the
photons and eventually the neutrinos emitted at transparency of expanding plasma induce
the gravitational collapse of the white dwarf which gives rise to SN explosion; the supernova
remnant expanding from the newly born Neutron Star is then enlightened by the afterglow.

2.5 Other models for the progenitor

Before BATSFE launch there were more GRB progenitor models than GRBs effectively
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2.5. OTHER MODELS FOR THE PROGENITOR

observed; the confirmation of cosmological origin allowed to exclude large part of them.
Theoretical models trying to explain the GRB phenomenon are distributed in two main
groups:

1. Coalescence of binary systems (e.g. Neutron Star-White Dwarf, Neutron Star-Neutron
Star, Neutron Star-Black Hole) leading to the formation of a rotating black hole; in this
process a large fraction of energy would be released in emission of low energy neutrinos
or gravitational radiation, but enough energy would remain for GRB; the explanation
of the most luminous GRBs (as GRB 990123 or GRB 990510 or GRB 991216) would

require a very narrow jet emission;

2. Explosion of massive and rotating objects in star forming regions such as the Collapsars
(from “collapsing-stars”), or the Supranova; in both cases the GRB energy is supplied
by accretion of matter on the disk surrounding the newly born black hole and originated
from the debris of Supernova explosion.

An other possibility were the Active Galactic Nuclei (AGN), but the temporal variability of
GRBs requires for energy source a stellar mass object [18]; so this third possibility has been
excluded.

From a statistical analysis of some tens of long GRBs [14] a net probability emerged
favouring massive objects as progenitors of long GRBs.

The location of GRBs within a galaxy provides an important clue in order to discriminate
between different progenitors. Explosion of massive stars occurs near the birth place, likely
in star forming regions. On the other hand BH-BH systems merge quickly so that they are
expected to merge near the birth place. Systems as BH-NS or NS-NS requiring at least one
supernova explosion, are to be characterized, if the explosion is asymmetric, by a certain
“kick” velocity imparted to the resulting Neutron Star [59, 47]. The binary systems survived
the supernova explosion are expected to receive a boost to a velocity of the order of some
km/s, which ejects them from the originary galaxy. The two components of the binary
system will then merge by angular momentum loss in a location far away their birth place.

The “Collapsar” is a one step event. According to the Collapsar model GRB arises from
the collapse of a rapidly rotating massive star (failed Type Ib Supernova) [149]. Paczynski
[83] pointed out the evidence that some GRB (e.g. GRB 970228, GRB 9709508) were close to
star forming regions and this strengthens the connection of GRBs with death of massive stars.
The “Hypernova” model [83], derives its name from the explosive nature of the phenomenon,
much more luminous and energetic than any Supernova. The Supernova itself is assumed
to originate in the process of gravitational collapse to a black hole of a massive progenitor
star (~ 40M) with a particularly large angular momentum and strong magnetic field. A
large rotational energy of the black hole extracted with a strong magnetic field would explain
the explosion of this “hypernova” leading both to the GRB and the supernova. Later on a
computation began [69] showing the effect of collimation of the jet by the stellar envelop.
The massive iron core of the star collapses to a black hole; an accretion disk forms around
the black hole and a funnel forms around the rotation axis. The relativistically expanding
jet is collimated by the mantle enveloping the collapsing star. In this model bumps emerging
on the afterglow light curve are expected.

Among the models with a massive progenitors, the “Supranova model” is one of the most
well known [142]. The Supranova is a two steps event. The first one is the explosion of a Su-
perNova (SN), much more energetic than usually, which leaves a SuperMassive Neutron Star
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(SMNS). The second step, the collapse of the SMNS, is due to losses of angular momentum
through, for instance, magnetic dipole radiation, which has also the effect of reducing the
baryon contamination of the environment. The consequent reduction of centrifugal forces
is such that it can no longer counterbalance the gravitational attraction and the system
implodes into a black hole. The main feature of this model is that the SN explosion which
gives origin to the SMNS cleans up the space region surrounding in the very proximity the
source so that the implosion of the remnant neutron star in black hole occurs in a baryon
clean environment making possible very high Lorentz v of the ejecta. The preceeding SN
explosion enriches the space region around of heavy elements, up to Fe synthesized by the
exploded system. The GRB is powered by the accretion on the disk surrounding the newly
born black hole. The observations [2, 93] are consistent with the presence of Fe near the
birthplace of the GRBs. The main difficulty of Supranova model is the time delay between
SN explosion and GRB which could be of order of weeks or months; this is in disagreement
with the observational evidence for GRB 030329 [61].

It has been proposed also a model based on the gravitational collapse in a Neutron Star of
accreting white dwarfs with anomalously high magnetic fields in binaries [138]. The energy
available in this case would be the rotational and magnetic energy of NS which are of the
order of 10°! erg for a NS near break up.

To the emission of v rays in GRB is likely to be associated a class of different bursts of
high energy cosmic rays [144], neutrinos [78, 143] or gravitational radiation. The study of
the link between these phenomena and GRB is now going on.

2.6 Fireball scenario

In this section we will briefly show how the scenario of a relativistically expanding fireball
describing both the prompt emission and the afterglow phase is advocated in literature to
obtain an apparently observed non-thermal spectrum. Consider a typical burst whose source
is at rest with respect to the earth; cosmological effects change the following treatment by
numerical factors of order unity that are neglected in the present discussion. It is assumed
that the size of the source emitting the observed radiation is determined back by the observed
variability time scale: the rapid temporal variability on a time scale 6T ~ 10 msec would
imply a size of the source R; < ¢0T =~ 3000 km. It is possible to show that the opacity 7 of
the high energy gamma-ray to e™e™ pair production would be in this case 7., ~ 10 [89], i.e.
optically thick, in contradiction with the apparently non-thermal observed spectra, which
would imply 7,, < 1 ; this is the so-called compactness problem. The conclusion would
be that the compactness problem arises from the assumption that the size of the sources
emitting the observed radiation is determined back by the observed variability time scale.

Consider instead a source of radiation that is moving towards an observer at rest with
a relativistic velocity characterized by a Lorentz factor v = 1/4/1 —v2?/c? > 1. Since the
observed energy of a single emitted photon hr, is blue-shifted, its energy at the source was
~ hveps /7y; this implies that a less number of photons can produce pairs, thus reducing optical
thickness of the system. Moreover the radius from which the radiation is emitted would be
given roughly by R, < +2¢dT, in the assumption that the v is constant; the latter value of
R, is larger than the previous value, R, < ¢dT, by a factor of 42. These two modifications
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for a source moving relativistically towards us with a Lorentz factor v > 10* give 7., < 1
allowing a solution of the compactness problem.

The point of view in EMBH model is radically different: the apparently non-thermal
observed spectrum does not imply a non-thermal spectrum at the source [12, 110] (see
chapt. 5).

Quite generally it is found in literature that the mechanisms of conversion of kinetic energy
in electromagnetic radiation for GRBs are essentially two: the “internal shock” [99, 82] and
the “external shock” [76]. The internal shock originates from an inner engine which in
a steady activity emits shells at different Lorentz v factor; when an inner faster shell with
Lorentz factor v, reaches an outer slower shell with Lorentz factor 7, they collide completely
inelastically and the kinetic energy is converted in radiation. This internal shock is advocated
to reproduce the complex observed temporal substructure of prompt emission. However only
the relative kinetic energy between the two shells can be dissipated, and since the Lorentz
v of the second shell relative to the first shell is 7' ~ ~5/4; a wide distribution of « of the
shells emitted by the source is necessary [53]; moreover only a small fraction of the dissipable
energy is available for electrons, highly reducing the efficiency of the process.

The external shock model occurs when a single ultrarelativistic shell ejected by the inner
engine collides with the clouds of the external medium. This model relates the GRB light
curves and time variabilities to external medium distribution. The interesting possibility
has been also recognized within this model, that GRB light curves “are tomographic images
of the density distribution of the medium surrounding the sources of GRBs” [31] (see also
[30, 32] and references therein). In this case, the structure of the burst is assumed not to
depend directly on the inner engine (see e.g. [90] and references therein).

General consensus has been recently reached on the role of external shock scenario to
explain the afterglow of GRB. The solution of the relativistic Rankine-Hugoniot equation
governing the propagation of a shock wave has been given by Taub [135]. The application of
this solution to adiabatic and radiative regimes of afterglow in ultrarelativistic case has been
presented in [11, 89]. In sect. 4.11 is presented an analysis of the approximations which can
be found in literature made to obtain the power law behaviour of the dynamical quantities
in the slowing down phase of Gamma-Ray Bursts within the external shock scenario; in
particular we focus on the radial dependence the Lorentz v factor of the bulk.

2.7 Collimated emission

The possibility of a collimated jet emission from the source has been introduced in order
to reduce the energy requirements [70] which in the assumption of isotropic emission from
the source can arrive to roughly E;,; ~ 10%erg. Sometimes the observed light curves in X,
optical and radio apparently have a change of slope which at late times becomes steeper. The
supposed impossibility of explaining this steepening by an expanding system with spherical
symmetry has been interpreted as further proof of jet emission: when the angle of visible
area 1,4, equals the physical angle of the jet 9., a steepening of light curve must occur. The
GRB 991216 is considered by Halpern et al. [58] an example of jet emission: the light curve
in optical band steepens and the value of X decay slope (o ~ —1.6) is discrepant from the
predicted value which for spherical symmetry should be o« > —1.47. Within EMBH model a
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complex behaviour of light curve is found different from a power law (see fig. 5.1 and fig. 5.4)
in the assumption of spherical symmetry. It is argued that from the determination of the
instant of time at the detector in which an achromatic steepening in the light curve would
be observed [89] the beaming angle can be deduced; however this procedure appears quite
uncertain due to the difficulties of determining unequivocally this instant of time and to the
dependence on several parameters of the relation between this instant and beaming angle.
Moreover the achromaticity of the breaking necessary to prove the existence of a collimation
angle in many cases has not been observed because optical data were not available. The
determination of the peak in the distribution of the jet opening angle [42] led to the result
of a unique value of total energy available in GRB: E,,; ~ 10%erg. Within EMBH model no
restriction on the total energy exists but a range of six orders of magnitude is spanned by
the sources fit until now, from one of the most energetic ever observed (GRB 991216) to the
weakest one (GRB 980425).
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3 The EMBH model: the first three eras

Observations have shown that GRBs are bursts essentially in X and ~ bands, with a late
time emission at lower energies (optical and radio). The main features are the energy range
10 keV - 100 MeV and temporal duration between 0.1 sec and 100 sec with tails at times
of order of days or months. Therefore any theoretical model aiming to the explanation of
the origin of GRBs must reproduce both the luminosity as a function of the time at the
detector and the spectral distribution. Many models have been proposed to explain GRB
origin and the difference between them is both in the identification of the inner engine and
in the mechanism of emission of the observed radiation.

The following sections are dedicated to the description of a GRB model, called EMBH
model since an ElectroMagnetic Black Hole is assumed as inner engine. This model is based
on the process of vacuum polarization of Heisenberg-Euler-Schwinger [60, 131] in the space
time region surrounding an electromagnetic black hole. In the very beginning of the EMBH
model, in 1975, the vacuum polarization process has been applied to the more complicated
case of a black hole electrically charged and rotating [27]. In the following for the sake of
simplicity the rotation has been omitted and a pure Reissner-Nordstrgm black hole has been
considered. Therefore the work presented here aims to extract all the detectable consequences
of the simplifying assumption of a Reissner-Nordstrgm metric, neglecting the even small
rotation which characterizes any astrophysical object. Nevertheless, the farther from the
inner engine we predict observations, the less dependence on the black hole parameters as
rotation has to be expected. This is valid for the whole work here presented, except the
chapt. 6, where the early time predictions give information about the central black hole.

3.1 General sketch of the model

A large part of models or scenarios found in literature are mostly of phenomenological
nature and limit themselves to give the kinematics of energy emission or to describe limited
regions of the process by approximated power laws [129, 99, 82, 76]. In literature essentially
a series of models facing piecewise the phenomenon can be found: either models of the inner
engine which estimate by order of magnitude the main processes by satisfying energetic and
time scale requirements but do not make detailed prediction of the observable quantities as
time-structured luminosity emitted or time-resolved spectra, or scenarios for the expansion
of the plasma, as internal or external shock to be described later on, which from initial
conditions disentangled from the source, as a certain fireball with given particle number
density or Lorentz ~ factor or electron energy distribution in a given magnetic field, try to
reproduce light curves and spectra.
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Figure 3.1: Selected events in the EMBH model are represented. For each one the values
of the energy density of the medium and the distances from the EMBH in the
laboratory frame are given for the prototype GRB 991216; logarithmic scale is
used.

The EMBH model instead furnishes a dynamical explanation by equations of motion and
well specified initial conditions. The advantage is that the result strongly constrains the
arbitrariness of initial conditions.

From the EMBH a plasma of pairs e*e~ and photons initially optically thick with respect to
scattering Thomson expands at ultrarelativistic velocity, collides inelastically with baryonic
matter not collapsed and then reaccelerates up to the transparency point, when it is assumed
that after ete™ pair recombination all the electromagnetic radiation is emitted. The baryonic
matter remained in the pulse slows down in the collision with cold InterStellar Medium (ISM)
until the non-relativistic regime (see fig. 3.1).

This model presents two peculiarities: the GRB is originated by an electromagnetic and
non-rotating black hole whose surrounding space time is described by Reissner-Nordstrgm
geometry; most observed astrophysical objects have an even small rotational energy but this
choice is aimed to simplicity of treatment. The second peculiarity is that for the black hole
is necessary a ratio of electric charge @) over the mass M satisfying @)/ VGM > 1075, It can
be useful to recall that an extreme black hole has a charge to mass ratio 10'® times smaller
than the nuclear matter; this means that a quantum of charge over 10'® neutral nucleons is
enough to make extremal an EMBH.

The discussion about the possibility of vacuum polarization process during the gravita-
tional collapse of a charged system has been proceeded in [118, 119] and its observational
consequences has been derived for the first time in [122].

If the two previous assumptions are accepted, by using the parameters of the model,
several predictions can be found; many sources up to present moment have been fit in their
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complicated temporal structure of light curve and in their spectral evolution.
3.2 The dyadosphere

Let us assume that the gravitational collapse of a body of mass greater than the critical
mass for neutron star brings in general to a black hole characterized by the three fundamental
parameters: the mass M, angular momentum L and electric charge (). In this model we
limit ourselves to a black hole with L = 0. The spacetime is therefore described by the
Reissner-Nordstrgm square line element, given by:

ds® = gy (r)d*t + go(r)d*r + r2d?0 + r?sin® 0d2¢ (3.1)
where
2GM QG| ,
gu(r) = —|l=—F =+ 15| =-a) (3.2)
g(r) = a %(r). (3.3)

It has been shown that a large fraction of the mass-energy E of a Reissner-Nordstrgm
black hole (up to 50%) can be stored in the form of electromagnetic energy extractable in
the sense of Christodoulou, Ruffini [21]. The formula of Christodoulou-Ruffini for mass-
energy of Reissner-Nordstrgm black hole is:

Q*\
E?* = M = <Mmc2 + ) : (3.4)
2ry

GQ
S =d4mr * =167 () M? (3.5)

A irr

where c¢ is the light velocity in vacuum, M, is the irreducible mass of a black hole, the
minimum mass value to which a black hole can be reduced by extraction energy process, r
is the radius of event horizon given by

GM
ry =

QQ

1 1—
+ G|

(3.6)

c2

with G Newton gravitational constant, S the area of surface horizon.

According to the classical treatment of Heisenberg-Euler [60], formulated in relativistic
invariant form by Schwinger [131], if in a parallel plate capacitor with a separation between
plates d = h/mec, where m is electron mass and % is the Planck constant divided by 27,

h
the electric field reaches the value & such that e§,— = mc?, where e is the electron

charge, pair ete™ creation is possible. The critical value of field & above which this can
happen is & = m?c®/he [96]. In a suitable reference frame the electric field has only the
radial component, having the same form of minkowskian space-time: £ = Q/r%. The region
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3.2. THE DYADOSPHERE

between radius of horizon r, and radius r4s at which the electric field reaches the critical
value & = Q/r3, has been called “dyadosphere” [102], while rqs is given by

h
rae =1/Q—5. (3.7)

If we define the adimensional quantities

p=M/My, &=Q/(VGM) (3.8)

the radius r4s can be rewritten as

rgs = 1.1+ 10%/pué cm, (3.9)

while horizon radius can be rewritten as

QQ
L+ \1- a0 =1.5-105u<1+~/1—€2) cm. (3.10)

The dyadosphere can be formed just if electric field reaches critical value outside horizon;
therefore the disequality Q/r,? > &, must hold; this gives a lower limit to the values of
electric charge per unit of mass &y, -

_GM

ry =
2

2.3
@ > ”;; : (3.11)
2
|1+ vi- )
the &uin is implicitly defined in
Smin 5 =10"%.. (3.12)

s

Moreover holds ) < VGM = Qmaz or £ < 1; so that &y < € < 1. The values of p are
between 3.2My,, upper limit for neutron stars, and 6 - 10°M, (in correspondence of £ = 1),
above which electric field does not reach the critical value &..

The pair number density in dyadosphere can be modelled by imagining dyadosphere as a
sequence of thin spherical shell concentric capacitors with a thickness

h
o~ — 3.13
- (3.13)
and a number of created pairs [96]
2
ANG) = 9 l1 - (T> 1 . (3.14)
€ Tds

The local number density of electron and positron pairs created in this region as a function
of radius is given by [96]

e (1) = M‘gm) [1 - ()] . (3.15)

C
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h
In a time of order —— =~ 10~2's many pairs are created and during this process the dya-

dosphere can be Cons?dered a set of shells causally disconnected. The inner layer of inner
shell, containing charges opposite to black hole charge, is attracted by black hole reducing
its charge to the value Q. = r2¢&., the electric field below the critical value breaking the
polarization process. As an example, if 1 = 10® and £ = 0.1, the number of pairs created in
the dyadosphere turns out to be N+, ~ 109,

If final electric field is &, the final electrostatic energy density is ps(r) = &.2/87. Therefore
the energy density of pairs deposited inside dyadosphere as a function of radial coordinate
can be computed as difference between initial and final electrostatic energy density:

peve (1) = o (620) — €2) (3.16)

The total energy released is

Bup= B = L& (1- ) (1 - (“)4> . (3.17)

27y Tds Tds
.o, e Q2 .
In the limit — — 0, for the dyadosphere energy Eg,, — o holds, corresponding to the
r

T'ds + o
2r,
Due to the huge number of pairs created and to the order of magnitude of the cross section
for the process e + e~ — ~ + ~, the system in dyadosphere is expected to thermalize to a
plasma with N,- = N.+ = N, = N, where IV, is the number of pairs. The plasma begins to
expand from the black hole assumed at rest at ultrarelativistic velocity; this phase has been
called PEM pulse [116]. The pairs and photons at each instant of time reach thermodynamic
equilibrium during expansion.

It has been assumed for the sake of simplicity that pair energy density in dyadosphere and
then in the PEM pulse is given at first approximation by its average value (see fig. 3.2), i.e.
ratio of total energy to volume of dyadosphere:

Etot B
e (3.18)

S G

In fact we expect that the dyadosphere will form not around an already collapsed black hole
but more realistically during the same gravitational collapse and the black hole formation.
The study of dynamical formation of the dyadosphere during the gravitational collapse has
received recently a new form [19)].

The process described up to now can be called era zeroth. Following eras involve the
expansion in vacuum from the progenitor star and the completely inelastic collision with the
protostellar baryonic matter left over in the gravitational collapse. The collision with bary-
onic remnant brings a characteristic observable contribution to the GRB phenomenon. In the
remaining part of this chapter we will separately analyze the phases up to the transparency
point of this system.

We recall that the interval of time At measured in the frame of observer on the earth
and the one in which the central black hole is at rest are connnected by simple cosmological
transformation, while the fireball of plasma emerging at ultrarelativistic velocity from the
black hole defines a Lorentz frame with respect to the observer on the earth.

maximal energy extractable from a black hole in reversible processes, i.e. E — M, =

3
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Figure 3.2: Two different approximations for the energy density profile inside the dyado-
sphere. The first one (dashed line) fixes the energy density equal to its peak
value, and computes an “effective” dyadosphere radius accordingly. The second
one (dotted line) fizes the dyadosphere radius to its correct value, and assumes
an uniform enerqy density over the dyadosphere volume. The total energy in the
dyadosphere is the same in both cases. The solid curve represents the real energy
density profile.

3.3 Era |: expansion of PEM pulse

After the explosion from the dyadosphere a thermal plasma of eTe™ pairs and photons
optically thick with respect to Thomson scattering processes begins to expand at ultra-
relativistic velocity. In this era the expansion takes place in a region of very low baryonic
contamination.

Recalling Eq.(3.15) the limit on such baryonic contamination, where pp_ is the mass-energy
density of baryons, is given by

8 [ Tds 2 r\? 3
pB, K MpNete— (1) =3.2- 10 (r) 1- <7“d) (g/cm?). (3.19)
Near the horizon r ~ r,, this gives
PB. K MpNete-(r) = 1.86 - 10 (i) (g/ecm?), (3.20)
and near the radius of the dyadosphere 744:
2
pB. K MyNete (1) = 3.2 - 10° [1 — (é) ] (g/cm?). (3.21)

T—Tds

Such conditions could be easily satisfied in the collapse to an EMBH. Consequently we have
solved the equations governing a plasma composed solely of ete™-pairs and photons, starting
at time zero from the two dyadosphere configurations corresponding to constant density (see
fig. 3.2).
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3.3. ERA I: EXPANSION OF PEM PULSE

The plasma of eTe™ pairs and photons is described by the following energy-momentum

tensor:
T = pg"” 4+ (p+ p) UHUY + AT (3.22)

where p and p are respectively total proper energy density and pressure in the comoving
system; U* are contravariant components of 4-velocity and AT* takes into account of
dissipative effects due to heat conduction and viscosity, but in this treatment it has been
neglected. In general we have ¢, U*U” = —1; for a spherically symmetric motion this
reduces to gy (U')? + g,.(U")? = —1, where U’ and U" are respectively temporal and radial
controvariant components of 4-velocity U*.

It is assumed that the gravitational energy of interaction of the PEM pulse with central
black hole is negligible with respect to the total energy of PEM pulse such that a fluid
expansion with special relativistic equations can be considered.

Moreover it is assumed that photons remain trapped inside the fireball until complete
transparency, i.e. the emission of electromagnetic radiation is negligible during the first
phases of expansion, being therefore adiabatic [116]. This assumption is valid until the
photon mean free path is negligible with respect to the thickness of pulse [97].

The thermodynamic quantities used to describe the process are the proper internal energy
density of all species particles in the pulse €, given by € = €.+ + €.~ + €,, where €.+ (e.-)
is the proper internal energy density of electrons (positrons) and e, the proper internal
energy density of photons. The proper number density of pairs n.+, if the system is in
thermodynamic equilibrium initially at temperature T" of order T' ~ MeV , enough for eTe™
pair creation, equals the proper number density of photons n,. This is not valid at lower
temperature [10]. The total pressure is p = pe+ + p.- + p,, where p.= are electrons and
positrons pressures and p, is photons pressure. The system is highly relativistic, so the
equation of state p = ¢/3 can be considered valid. The equation of state for this plasma is
represented with thermal index I':

P=1+ g (3.23)
3.3.1 Fermi integrals

Thermodynamical quantities before introduced are expressed and numerically computed
in terms of integrals over Bose distribution for photons and Fermi distribution for e™e™ pairs
with zero chemical potentials u., and .. We begin from the reaction et + e~ — v+ 7.
From statistical mechanics it is known that given a thermodynamic system at temperature
T kept inside a volume V and made of a variable number of particles N, the thermody-
namic equilibrium is expressed by the condition that the potential free energy of Helmholtz
F(T,V,N) is stationary with respect to N variations:

oF )
— =0; (3.24)
<8N TV
by definition, chemical potential y is given by
oF
=== ; 3.25
= (5v). (3.29
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3.3. ERA I: EXPANSION OF PEM PULSE

so that for a system made by a photon gas at equilibrium with matter with respect to
creation and absorption processes, we have j, = 0 [67]. Therefore the chemical potential of
electrons and positrons associated to the reaction et + e~ — « + v is equal and opposite:
fe— = —te+ = p. The proper number density of electrons [146], as other thermodynamical
quantities, is given by Fermi integrals:

d*p
~(m, T, pe-) = 3/ — =
h V(pe)2+(me?)? +( ) i e 1
h3 Jo ex/(pc)2+<mc2) Y
al®71 22

Y T (3.26)
where z = pc/kT, m is the electron mass, T[MeV] is the temperature of fireball in comoving
frame, a is a constant given by a = 87°k*/15h3c® = 1.37 - 1026erg/cm3MeV4, k is the
Boltzmann constant and A is a numerical constant (A = Z = 11.36) introduced for
convenience.

Moreover also p must be zero since the total electric charge of fireball is zero: if @) is total
electric charge of fireball, we have

Q= 6[ (m T, :U’) The+ (m7T7 _:U’)] =0 (327>

15

where n.- (m, T, p) is given by Eq.(3.26); so that u = 0.
The proper internal energy density for photons is given by

= aT* (3.28)

€y =
h ekT —

where p = hv/c. The proper internal energy density for electrons is given by:

/\/ m02 d3
667 - 3 pc 24 (mc2 p -
h (pe) +( + 1
L /+<>op \/pc + (me)?

h3 \/(pt‘)2+(m0 )2
h —rw +1

/+oo z \/z2 + (mc2/kT)?
eV? 224 (mc? /kT)? +1

where z = pc/kT. Therefore the total proper internal energy density of the PEM pulse,
summing up all the contributions of photons and ete™ pairs, is given by

+oo 2 \/22 + (mc?/kT)?
| + Lz / dz (3.30)
eV? 224+(mc? /kT)? +1

where the factor 2 in front of the integral takes into account of electrons and positrons.
About the pressure of the photons, the relativistic equation of state gives
€y aTl?

S 3.31
Py =3 B (3.31)

dz (3.29)

€tot = CLT4
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Figure 3.3: Temperature in comoving system as a function of laboratory time for different
values of black hole mass p.
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Figure 3.4: Ratio between number density of pairs et e~ n.+ and number density of photons
ny (T) as a function of laboratory time for different values of black hole mass p.
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3.3. ERA I: EXPANSION OF PEM PULSE

and about the pressure of electrons

3h3 67\/(?69&(”162)2 1 \/(pC)Q + (me?)?

2

_ 8w /+°° p (pC)

3h3 Jo . <pc>2+<mc2> 4 \/ (pc)2 + (mc?)?
al*71 [+oo 24 1
TEA/ \/m+1 \/22 + (mc?/kT)?

Therefore the total pressure of PEM pulse is given by

dp =

dz. (3.32)

art [ 72 /+oo 2 L d (3.33)
= —— = . z| . .
Prot =73 AAJo VEHWERDE Ly 2 g (mé? RT)?

3.3.2 Numerical code

In the following we recall a zeroth order approximation of the fully relativistic equations
of the previous section [116]:
(i) Since we are mainly interested in the expansion of the ete™ plasma away from the EMBH,
we neglect the gravitational interaction.
(ii) We describe the expanding plasma by a special relativistic set of equations.

In the PEM pulse phase the expansion in vacuum is described by a set of equations
expressing:

e entropy conservation, because of the assumption that emission of electromagnetic ra-
diation is negligible up to transparency;

e energy conservation: the increase of kinetic energy is compensated by a decrease of
total internal energy.

For the expansion of a single shell, the adiabaticity is given by
d(Ve)+pdV =dE+pdV =0, (3.34)

where V' is the volume of the shell in the comoving frame and E = Ve is the proper internal
energy of all species particles in the plasma. By using the equation of state (3.23) we find

dine + T'dinV =0 (3.35)
and, by integrating, we find
gi — <V>F . (3 36)
e \v,/) '

recalling that the volume of the fireball in the comoving frame is given by V' = V7, where V
is the volume in the laboratory frame, we find

-0
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3.3. ERA I: EXPANSION OF PEM PULSE

The total energy conservation of the shell implies [116]:

(Te)V7? = (T&,)Vo7? ; (3.38)
and this gives the evolution for 7:
¥ =% EZ% : (3.39)
Substituting this expression for 74 in (3.37) the final equation for proper internal energy
density is found )
Vo\ 2T
e—e (v) . (3.40)

Since the thermodynamic equilibrium is assumed and in all cases considered the initial
temperature is larger than eTe™ pairs creation threshold (7' ~ 1 MeV), the proper number
density of electrons is roughly equal to that one of photons:

Net ~ Ne— (1) ~ ny (T, (3.41)

where n.+(7T') is the total proper number density of electrons and positrons in comoving
frame at thermodynamic equilibrium in the process et + e~ — v+ (ne-(m,T) ~ n,(T)),
ne+ is the total proper number density of electrons and positrons in comoving frame at a
generic time before reaching the equilibrium. In these conditions the number of particles is
conserved:

(nesU™) ,, = 0. (3.42)

Later on, for T" < 1MeV (see fig. 3.3), ete™ pairs still annihilate but can not be created

anymore, therefore
Ny (1) > nezx > nex (T) (3.43)

as shown in fig. 3.4.

The evolution of a plasma of eTe™ pairs and photons should be treated by general rela-
tivistic hydrodynamics equations describing the variation of the number of particles in the
process. The 4-vector number density of pairs is defined (n.+U*), which in the comoving
frame reduces to the 4-vector (n.+,0,0,0). The law of number conservation for pairs is

1

(neiU“)w = (\/—_gneiU“) =

/_g 7#
1
_ t s 2 r _
- (neiU ),t + = (T NexU )’T =0 (3.44)
where g =|| g" ||= —rsin?0 is the determinant of Reissner-Nordstrgm metric. In the

plasma processes of creation and annihilation of particles occur due to collisions between
particles. If the number of particles is conserved, it holds (n.+U “);u = 0; if instead it is not
conserved, in the assumptions that only binary collisions occur between particles and in the
assumption of molecular caos [34], the Eq.(3.44) becomes

(ne+U),,, = 50 [ne (T)nes (T) = ne-net] (3.45)

where o is the cross section for the process of creation and annihilation of pairs, given by

2

& [o®+da+1 3
o=_"e & tiat ln<a+\/a2—1> __aro : (3.46)
a+1 o —1 a?—1
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3.3. ERA I: EXPANSION OF PEM PULSE

with a = % and F total energy of positrons in the laboratory frame, and r, = nf%; the

classical radius of electron, v is the sound velocity in the fireball:

v =, /pwt, (3.47)
€tot

and o7 is the mean value of ov, where ¢ in first approximation can be equal to Thomson
cross section, o7 = 0.665 - 10~ 2*cm?.
Using the approximation of special relativity, the 4-velocity is written U* = (vy,7%); substi-

tuting to n.+(T") the n.+(T) and to ne+ the nex, Eq.(3.45) in hybrid form becomes

3(7;“’:7) = —:251 (rPnesq V") + 70 (2 (T) = n2s ) (3.48)
valid for electrons and positrons.
Now we have a complete set of equations for numerical integration: (3.39), (3.40) and the
(3.48).
If we now turn from a single shell to a finite distribution of shells, we can introduce the
average values of the proper internal energy density and pair number densities (€,7.+) for
the PEM pulse; the average ¥ factor is defined by

vy = )lj/vy(r)dV, (3.49)

and V is the total volume of the shell in the laboratory frame [116].

3.3.3 Slab approximation

In principle we could have an infinite number of possible schemes to define geometry of
the expanding shell. Three different possible schemes have been proposed [116]:

e Sphere. An expansion with radial component of 4-velocity proportional to the distance

to the black hole U, (r) = U , where U is the radial component of 4-velocity on the

r
R(t)
external surface of PEM pulse (having radius R(t)), the factor 7 from (3.49) is

3 3 1

= [2(] (1+02) —U(1+U?) —in(U+V1+ U2)] ; (3.50)
this distribution corresponds to a uniform and time decreasing density, like in Fried-
mann model for the universe;

e Slab 1. An expansion with thickness of fireball D = r s — r, constant in laboratory
frame in which the black hole is at rest, with U,(r) = U, = cost and ¥ = /1 + U,%;

this distribution does not require an average;

e Slab 2. An expansion with thickness of fireball constant in comoving frame of PEM
pulse.
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Figure 3.5: Lorentz 4 factor as a function of radial coordinate. Three schemes of expansion
of PEM pulse (see text) are compared with solution of hydrodynamics relativistic
equations numerically integrated for a black hole with pu = 10% and & = 0.1. The
result 1s in accordance with the scheme of a fireball with constant thickness in
laboratory frame.
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3.4. ERA II: INTERACTION OF THE PEM PULSE WITH REMNANT

The result of simulation with the code presented in subsects. (3.3.2, 3.3.1) has been compared
with the one of hydrodynamic equation in general relativity [116] (see fig. 3.5). Excellent
agreement has been found with the scheme in which the thickness of fireball is constant in
laboratory frame: what happens is that the thickness in comoving frame increases, but due to
the Lorentz contraction, it is kept constant in laboratory frame and equal to D = (rgs — r4).
In this case U, = /%% — 1, where 7 is computed by conservation equations. For a further
discussion of the slab approximation in presence of baryonic contamination see sect. 3.4.

Let us discuss the emission from this slab. Even if the PEM pulse is optically thick in this
era, photons located at a distance from the external surface less their mean free path can
escape and reach the observer at infinity. The mean free path in the comoving frame is given
in the first part of this era by roughly L, = 1/on+.- ~ 10~%m while in laboratory frame
is given by A = L., /5 ~ 10~%cm. However the luminosity emitted at this stage is negligible,
since the ratio between A and the thickness of the fireball D in the laboratory frame (with
D = (rgs — ry) ~ 10%m) is of the order of \/D ~ 107'7.

As can be seen from fig. 3.5, in the slab 1 approximation the qualitative behaviour of ~
is v ~ r, in accordance with results in literature [89]. We found that due to the Lorentz
contraction, the width of the pulse appears to be constant in the laboratory frame. A
similar situation occurs for the observed temperature of PEM pulse. In the comoving frame
the temperature decreases as 7" ~ r~'. Since 7 monotonically increases as v ~ r [103],
in laboratory frame 7" = 71" ~ constant [117] (see fig.4.9); photons are blue-shifted in
laboratory frame in such a way that, at least in the first era, the temperature measured by
an observer at infinity is constant. The numerical value of the temperature of equilibrium
at each instant is found by equating (3.30) numerically computed and (3.40).

3.4 Era ll: interaction of the PEM pulse with remnant

The PEM pulse expands initially in a region of very low baryonic contamination created
by the process of gravitational collapse. As it moves outside, the baryonic remnant (see
fig. 3.1) of the progenitor star is swept up. The existence of such a remnant is necessary in
order to guarantee the overall charge neutrality of the system: the collapsing core has the
opposite charge of the remnant and the system as a whole is neutral. The number of extra
charges in the baryonic remnant negligibly affects the overall charge neutrality of the PEM
pulse.

The baryonic matter remnant is assumed to be distributed well outside the dyadosphere
in a shell of thickness A between an inner radius 7;, and an outer radius roy = i, + A at a
distance from the EMBH not so big that the PEM pulse expanding in vacuum has not yet
reached transparency and not so small that the system will reach sufficiently high value of
Lorentz v in order to not be stopped in the collision (see fig. 3.6 and fig. 3.10). For the sake
of an example we choose

Tin = 100Td87 A= 10Tds- (351)

The total baryonic energy-mass Mpc* = Npm,c? is assumed to be a fraction of the dya-
dosphere initial total energy (Egya). The total baryon-number Np is then expressed as a
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function of the dimensionless parameter B given by
(3.52)

where B is a parameter in the range 107 — 1072 and m,, is the proton mass. We shall see
below the role of B in the determination of the features of the GRBs. We will see in sect. 3.6
the sense in which B and E;,, can be considered free parameters of the EMBH model for
the entire GRB family of “long bursts”. For the so-called “short bursts” the EMBH model
depends on the other parameters y, £, since in that case B < 1078 or B = 0, equivalently
because the dynamics is not significantly modified, (see sect. 4.8) and the energy in the pulse
is emitted at transparency. The baryon number density n} is assumed to be a constant

N
% = 175 7% = myiic?. (3.53)

where Vg is the volume of the remnant shell at rest in the laboratory frame. As the PEM
pulse reaches the region 7y, < r < 7oy, it interacts with the baryonic matter which is assumed
to be at rest. In our model we make the following assumptions to describe this interaction:

e the PEM pulse does not change its geometry during the interaction;

e the collision between the PEM pulse and the baryonic matter is assumed to be com-
pletely inelastic,

e the baryonic matter reaches thermal equilibrium with the photons and pairs of the
PEM pulse.

These assumptions are valid if: (i) the total energy of the PEM pulse is much larger than the
total mass-energy of baryonic matter My, 1078 < B < 1072, (ii) the PEM pulse has a large
value of the 7 factor (4 > 100) and (iii) the ratio of the comoving number density of pairs
and baryons at the moment of collision n.+.- /n% is very high (e.g., 10® < n +.- /ng < 10'%).
In the collision between the PEM pulse and the baryonic matter at ry, < r < 7rou,
we impose total conservation of energy and momentum. We consider the collision process
between two radii 71,79 satisfying ry, < r1 < ro < row and r9 — r; < A. The amount of
baryonic mass acquired by the PEM pulse is
Mp 4Arm
AM = ?lf?(r% — 7). (3.54)
As for energy density of dyadosphere, here also we choose a simplification for the energy
density: in fact during the passage of the shell the material deposites on the external surface
of the PEM pulse; however we neglected this effect and assumed that this material after
collision diffuses instantaneously in the pulse with a constant density:

Np

3 (3.55)

/
nB:

where N} is the number of particle of the remnant shell swept up by the pulse and V' is the
comoving volume of the pulse.
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The conservation of total energy in the laboratory frame, where the quantities before
collision are indicated with “o” leads to

AM
(Té + pphiVe + AM = (Ve + pp + == + TAGYV, (3.56)

where A€ is the corresponding increase of internal energy due to the collision and I is the
thermal index. Similarly the momentum-conservation gives

AM
(Tés + p5)V UV = (I'é+ pp + S + TAe)U,V, (3.57)

where the radial component of the four-velocity of the PEM pulse is Uy = /72 —1 . We
then find the solution of the two previous Eq.(3.56) and Eq.(3.57) :

_ 1 RN VA 78 - AM
AE = f (FEO + pB) f‘}/UTV — (FE —+ PB + V)‘| s (358)
a Yo AM
= = — 4+ — ) 3.59
K a?—1 ¢ Ue (e + pB)vULVs (3:59)

These equations determine the v factor and the internal energy density € = €, + A€ in the
capture process of baryonic matter by the PEM pulse.

In this phase of expansion, another thermodynamic quantity has to be considered: the
chemical potential y of the electrons from ionization of baryonic remnant. The chemical po-
tential is numerically computed from the definition of the proper number density of electrons

of ionization:
al?7 1 [+oo 2

z
TZZ 0 6\/22+(mc2/kT)2+% +1
Therefore the equations for this phase are (3.58), (3.59), (3.55), (3.48) and (3.60).

The collision of the PEM pulse with the baryonic remnant leads to the following conse-
quences:

n’_(m,T,p) = dz. (3.60)

e a reheating of the plasma in the comoving frame but not in the laboratory frame
(see fig. 3.6), therefore an increase of the number of ete™ pairs; moreover an increase
of free electrons originated from the ionization of atoms in the baryonic remnant;
correspondingly these effect give an overall increase of the opacity of the pulse;

e the more the amount of baryonic matter swept up, the more internal energy of the
pulse is converted in kinetic energy of baryons.

By describing the interaction of PEM pulse with remnant as completely inelastic collision,
one can compute by the energy-momentum conservation equation the decrease of Lorentz ~y
and the increase of internal energy as function of B parameter; the ultrarelativistic approx-
imation (7, — 00) interesting in our case is also given:

1. an abrupt decrease of the v factor given by

1+ B B+1 (3.61)
Yeoll = Yo — — .
\/%2 (2B + B2) + 1 B? 4+ 2B
Yo — O

where 7, is the v factor of the PEM pulse before the collision,
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Figure 3.6: Lorentz 7 factor as a function of radial coordinate from the PEMB pulse simula-
tion is compared with the 4 factor as solution of hydrodynamics general relativis-
tic equations numerically integrated (open squares) for Egy, = 3.1 x 10%*erg and
B =13x107%, ry = 100rgs and A = 10r4s. The result is again in accordance
with the scheme of a fireball with constant thickness in laboratory frame which is
valid up to B = 1072,
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2. an increase of the internal energy in the comoving frame E.,; developed in the collision

given by
Eep 2 (2B+B?%) +1 1
- i _ \/7 ( J+1_ ( +B> — —B+VB?+2B (3.62)
dya Yo Yo

Yo — O

This approximation applies when the final v factor at the end of the PEM pulse era 7, is
larger than 7., (see fig. 3.10).

3.5 Era lll: expansion of PEMB pulse

After the engulfment of the baryonic matter of the remnant the plasma of eTe -pairs,
photons and baryonic matter expands again as a sharp pulse, namely the PEMB pulse. The
calculation is continued as the plasma fluid expands, cools and the eTe™ pairs recombine
until it becomes optically thin:

/AR dr(ne+ + Zng)or ~ O(1), (3.63)

where or = 0.665 - 10724cm? is the Thomson cross-section and the integration is over the
radial interval of the PEMB pulse in the comoving frame. In order to study the PEMB
pulse expansion the validity of the slab approximation adopted for the PEM pulse phase
has to be verified; otherwise the full hydrodynamics general relativistic equations should be
integrated. The PEMB pulse evolution firstly has been simulated by integrating the general
relativistic hydrodynamical equations with the Livermore codes, for a total energy in the
dyadosphere Eg,, = 3.1 x 10°* erg and a baryonic shell of thickness A = 10rq4s at rest at a
radius of 1007y, and B ~ 1.3 - 107 (see fig. 3.6).

In analogy with the special relativistic treatment for the PEM pulse, presented in sec-
tion 3.3 (see also [116]), for the adiabatic expansion of the PEMB pulse in the constant-slab
approximation described by the Rome codes the following hydrodynamical equations with
pp # 0 has been found

ng V Vo
ﬁi = VT (3.64)
€ VAT A .
=) =6 <7> ’ (3.65)
_ (lés + pB)Vo
fy - 70 (PE—’—ﬁB)V 9 (366)
o) 1oy 1
a(Nei) = —Neiva—i—av?(]\ffi(T)—Nfi). (3.67)

where N+ is the number density of pairs in laboratory frame. In these equations (r > 7out)
the comoving baryonic mass-density and number densities are pgp = Mp/V and ng = Ng/V,
where V' is the comoving volume of the PEMB pulse.
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Figure 3.7: Left) The v factors are given as functions of the radius in units of the dyado-
sphere radius for selected values of B for the typical case Egy, = 3.1 x 10%* erg.
The asymptotic values Yasym = Faya/(Mpc?) = 10,10, 10% are also plotted. The
collision of the PEM pulse with the baryonic remnant occurs atr/rqs = 100 where
the jump occurs. Right) The ~y factor (the solid line) at the transparency point
is plotted as a function of the B parameter. The asymptotic value (the dashed
line) Eqya/(Mpc?) is also plotted.

The result is shown in fig. 3.6 [117] where the bulk 7 factor as computed from the Rome
and Livermore codes are compared and very good agreement has been found. This validates
the constant-thickness approximation in the case of the PEMB pulse as well. On this basis
we easily estimate a variety of physical quantities for an entire range of B values.

For the same EMBH different cases have been considered [117]. The results of the integra-
tion show that for B in the parameter range the PEMB pulse propagates as a sharp pulse
with constant thickness in the laboratory frame, but already for B ~ 1.3 - 1072 the expan-
sion of the PEMB pulse becomes much more complex, turbolence phenomena can not be
neglected any more and the constant-thickness approximation ceases to be valid. In fig. 3.7
Left we plot the v factor of the PEMB pulse as a function of radial distance for different
amounts of baryonic matter. The diagram extends to values of the radial coordinate at
which the transparency condition given by Eq.(3.63) is reached.

It is also interesting to evaluate the final value of the v factor of the PEMB pulse when the
transparency condition given by Eq.(3.63) is reached as a function of B (see fig. 3.7 Right).
For a given EMBH, by increasing B, the transparency occurs later, so that v has increased
further; then there is a maximum value of the v factor at transparency, representing the
beginning of a matter dominated regime. By further increasing the value of B the entire
E4y. is transferred into the kinetic energy of the baryons (see also [117]). The “asymptotic”
~ factor

(3.68)

is also shown for each curve. The closer the 7 value approaches the “asymptotic” value
(3.68) at transparency, the smaller the intensity of the radiation emitted at transparency
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and the larger the amount of kinetic energy left in the baryonic matter (see fig. 3.7 Right)
to be emitted in the afterglow.

A part from the exact computation of transparency condition shown in the present section,
a simple power law relation can be also found between the radius at which the PEMB pulse
reaches transparency r; and the B parameter. The transparency condition for uniform
densities can be written as

(ﬁei + ZﬁB)UT7A ~ Z’FZBO'T’}/A ~ O(l) (369)

where we assumed 7.+ < fip because eTe™ pairs are completely annihilated at transparency
point; here o7 is Thomson cross-section and A is the thickness of PEMB pulse in laboratory
frame. Using g = Ng/V, where V = 4mr?yA is the volume of PEMB pulse in comoving
frame, and the definition of B in Eq.(3.52), we find 7, ~ v/B. Similar behaviour has been
found in [75].

3.6 Free parameters of EMBH model

Within the approximation presented in sect. 3.2 the EMBH is characterized by two param-
eters: p and . The energy of the dyadosphere is expressed in terms of these two parameters
by Eq.(3.17).

There is an entire family of degenerate EMBH solutions with different values of p and &
corresponding to the same value of Ey, (see fig. 17 in [109]). These solutions are physically
different with respect to the density of electron-positron pair distributions given by Eq.(3.15).
An example of such a degeneracy is given in fig. 3.8, where in each figure the two different
approximations for the energy density profile inside the dyadosphere are shown (see fig. 3.2).
The total energy in the dyadosphere is the same in all cases (Egy, = 3.1 x 10°* erg). The
three configurations correspond respectively to the three different pairs (u,§): (10,0.76),
(102,0.27), (103,0.10).

The corresponding dynamical evolution of the PEM pulse introduced in sect. 3.3 and [116]
is clearly different in the three cases. When the collision with the remnant of the progenitor
star is considered all these differences disappear. As usual (see sect. 3.4) we describe the
baryonic content of the remnant by the parameter B. The transparency features of PEMB
pulse generated after the collision with the baryonic matter depend uniquely on the two
parameters Eg,, and B. In fig. 3.9 the temperature in the laboratory frame is given for the
PEM pulse and the PEMB pulse corresponding to the three configurations of fig.3.8 and
B =4 x1073. While for the PEM pulse era the three configurations are markedly different,
they converge to a common behaviour in the PEMB pulse era.

If we turn now to the effect of the distance between the EMBH and the baryonic remnant,
we see that this degeneracy is further extended: while the three PEM pulse eras are quite
different, the PEMB pulse eras is largely insensitive to the location of the baryonic remnant
(see fig. 3.10). We have plotted the three 7 factors in the PEM pulse era as function of
laboratory radius corresponding to the different configurations of fig. 3.8 and B = 1072%; in
the two cases the baryonic remnant is positioned at different distances from the EMBH. As
shown in Eqgs.(3.62, 3.63), if the PEM pulse has reached extreme relativistic regimes, the
common value 7.,; to which the three v factors drop in the collision with the baryonic matter
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Figure 3.8: Three different dyadospheres corresponding to the same value of energy (Egy, =
3.1 x 10°* erg) and to different values of the two parameters i and & are given.
The three different configurations are markedly different in their spatial extent as
well as in their energy-density distribution (see text).
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Figure 3.9: The temperature of the plasma during the PEM pulse and PEMB pulse eras,
measured in the laboratory frame, corresponding to the three (u, &) pairs in fig. 3.8
1s given as a function of the laboratory time. The three different curves converge
to a common one in the PEMB pulse era, which is therefore only a function of
the Egya and B. In this case Egy, = 3.1 X 10°* erg and B = 4 x 1073, The
difference among the three curves in the early part of the PEMB pulse follows
from having located the baryonic matter at a distance of 50(rqs —ry), different in
the three cases. Such difference becomes negligible at large distances in the later
phases of the evolution of PEMB pulse.
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Figure 3.10: The Lorentz 7y factors for the three (u,&) pairs considered in fig. 3.8 are given
as a function of the radial coordinate in the laboratory frame. The two figures
correspond to a baryonic remnant positioned respectively at 1y, = 50(rqs — r4)
(left) and at 1y, = 5(ras — ry) (right). Again the convergence to a common
behaviour, uniquely a function of Eq4yq and B for the late stages of the PEMB
pulse, is manifest.
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of the remnant depends only on B. As we will see in the next chapter all the information
obtainable from GRBs with a large value of the parameter B will lead to the determination
of the two parameters Ey,, and B. The direct knowledge of the mass and charge of the
EMBH can only be gained from the PEM pulse, i.e. from GRBs with very small values of
B or “short bursts”.
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4 Afterglow era

After the transparency point is reached, all the photons contained in the PEMB pulse
expanding in vacuum escape and the P-GRB is emitted. The remaining accelerated baryons
(Accelerated Baryonic Matter pulse, or ABM pulse) collide inelastically with cold InterStellar
Medium up to non relativistic region. The constitutive equations for the afterglow are
written: the energy-momentum conservation equation at all orders, the relation between
time at the source and time at the detector, the expression of observed luminosity taking into
account the off-axis contribution; the best fit of the bolometric luminosity of the prototype
GRB 991216 is presented, with the identification of the precursor as P-GRB and consequently
the interpretation of the bimodal distribution of BATSF; finally a proposal of the GRB-
Supernova connection. An overview of the standard scenario within the external shock

model leading to the regime of power law of the Lorentz v factor is given with a comparison
with EMBH model.

4.1 Assumptions

The afterglow era is studied with the following assumptions:

1. the expansion of the ABM pulse through the ISM occurs keeping its width constant in
the laboratory frame;

2. the expanding pulse has complete spherical symmetry;

3. the internal energy developed in the collision is emitted completely (“fully radiative”
condition);

4. the temporal variability of light curve is related to ISM inhomogeneities.

In this chapter we limit ourselves to bolometric luminosity; the assumption on energy dis-
tribution of radiation will be introduced in the next chapter. The system is spherically
symmetric; the declared breaking in the observed light curves is not explained as found in
literature [128, 41] by a beamed emission but the assumption of thermal radiation gives a
natural bending in the light curve for a spherically symmetric pulse. The slab approximation
is extended by analogy with PEM and PEMB pulse phases [116, 117]; nevertheless we expect
that in the non-relativistic regime the Lorentz contraction will not be so effective and the
pulse width will be seen to enlarge in laboratory frame.
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4.2 Era IV: ultrarelativistic regime in afterglow

We assume then that the interaction of ABM pulse with ISM can be represented by a
sequence of inelastic collisions of the expanding ABM pulse with a large number of thin and
cold ISM spherical shells at rest with respect to the central EMBH. Each of these swept up
shells of thickness Ar has a mass AM,,, and is assumed to be located between two radial
distances m and 7o (where ro —r; = Ar < rq) in the laboratory frame. These collisions
create an internal energy AF;, which is emitted completely.

We indicate by Ae the increase in the proper internal energy density due to the collision
with a single shell of ISM and by pp the homogeneous proper energy density of the swept
up baryonic matter. This includes the baryonic matter composing the remnant around the
central EMBH, already swept up in the PEMB pulse phase, and the baryonic matter from
the ISM swept up by the ABM pulse:

M +Mism 02
pB:( b - )< (4.1)

Here V is the ABM pulse volume in the comoving frame, Mp is the mass of the baryonic
remnant and Mg, = Mign(r) is the ISM mass swept up from the transparency point at
radius 7, up to the generic radius r in the laboratory frame:

_ Am o g 3
Mism(r) - mpnism? (T — T ) 5 (42)

where m,, the proton mass and niy, the number density of the ISM in the laboratory frame,
not necessarily constant.

The energy conservation law in the laboratory frame at a generic step of the collision
process is given by

Vi AMismCz
031’7121}1 + AMignc® = (pB1V1 + v + AE) ’722V2, (4.3)
2 2

where the quantities with the index “1” are calculated before the collision of the ABM pulse

with an elementary shell of thickness Ar and the quantities with “2” after the collision, v is

the v factor and V the volume of the ABM pulse in the laboratory frame so that V' = ~V.
The momentum conservation law in the laboratory frame is given by

Vi AMism02
pBlfleTlvl = (1031‘/: + T + AE) ’YQU'I’QV27 (44>

where U, = /72 — 1 is the radial covariant component of the four-velocity vector (see [116,
117]).
We thus obtain

71UT1V1 Vi A]\4151[1102
Ae — — | pp L 4 28 4.5
€ pBl 72UT2V2 <pBl ‘/'2 + ‘/2 Y ( )
a AMismCQ
Yy = e, a= b g e (4.6)
0/2 - 1 UT1 IOB1fleT1V1
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We use Ae = AFE;,/Va, because all the internal energy generated in previous collisions
has been emitted (fully radiative condition). By substituting Eq.(4.6) in Eq.(4.5), we obtain:

A Mg c? AMi,c?\’ A Mg c?
AFEy = Via|14+2 " == — i1+ —/—|, 4.7
t = PBy 1¢ + 27 o Vi +< oV ) PB; 1( + oV ) (4.7)
71_'_ AMismC2
re, i . (4.8)

V2 = 5
L 2 . 2
L2, Sl ()
These solutions in literature are often expressed at the first order approximation in the ex-
pansion parameter AMig,c?/pp, V1. The Egs.(4.1, 4.7, 4.8) make the actual set of dynamical
equations we have integrated for the afterglow era in the EMBH model.

We examined under the above assumptions the effects of a possible departure from homo-
geneity in the interstellar medium, by introducing local step functions of the radial distance
from the source built over a constant average density (n;s,); we did not consider any variable
average density profiles as (ns,) ~ r=2. Although these inhomogeneities are not relevant for
the overall behaviour of the afterglow here treated, they are indeed relevant for the actual
observed flux and its temporal structures [106]. These considerations are also affected by
the angular spreading [107].

4.3 Approximations in the description of afterglow

In Eqs.(4.7, 4.8) we gave the finite expressions of internal energy developed in the collision
of ABM pulse with ISM and of the Lorentz ~ factor after collision. We proceed to a first
approximation and expand Eqs.(4.7, 4.8) to first order in the quantity

AMismCQ

<1. 4.9
ooV (4.9)

where we have used the fact that pp, Vi = (Mp + Miyy,) ¢. We obtain the following expres-
sions [117]:

dBi = (7 — 1) dMigmc? (4.10)
2
v =1
dy = ——— dMism . 4.1
7 MB + Mism ( )

where dMi,, = 4mr’mynigmdr = 4mr’*mynigmvdt, because v = dr/dt and where the ISM
number density njqy, is assumed for simplicity to be constant.

Eqgs.(4.10, 4.11) are limiting cases of Taub’s hydrodynamical equations [135, 68]. They
have been very often referred in the GRB literature as the Blandford-McKee equations [11].
The behaviour of AMig,c?/pp, Vi as a function of the radius when My, < Mz is:

A Mg c? A Mg c? r2Ar

pB, V1 (Mp + Migm)c? Mp ( )
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Figure 4.1: The expansion term 1s represented as a function of the radial coordinate.

The condition My, < Mp holds, e.g. in our fit for GRB 991216, during the entire
evolution of the system and so Eq.(4.9) is valid (see fig. 4.1). The increase of AMiy,c?/pp, V1
becomes less rapid at late time of the evolution (fig. 4.1) because at late time Mg, begins
to be comparable with Mp, for the choosen value of n;s, =~ 1 particle/cm® making the
denominator increase.

Eqgs.(4.10, 4.11) can be simply solved analytically (see e.g. [11]). We then have:

(Mp + Mign)* + C

7 (M 4 M O o

where

Yo — 1
C = Mg? 4.14
B,70+17 ( )

where we recall that r, and ~, are the radial coordinate and the ~ factor at the transparency
point and Mp is the initial baryonic mass of the ABM pulse.
Eq.(4.13) is a differential equation for r (¢), namely

2 2 —2
(A Mt Mign)"+ CF 7 (4.15)
cdt (MB + Mism)2 - C

which can be integrated analytically with solution (see e.g. [1])

2V (t = 12) = (Mg —m2) (r = 10) + ~mre [(:)4 - 1](4.16)

4
Cro (B+%)3 B*+1 Cro_ | /3 aretan 2722 _ /3 arctan 2=2
n 2L + arctan —>——— — v/ 3 arctan
6m;B% " | gs 4 (L)S (B4+1)*|  3m¢B? BV3 BV3
° 4 3 Mp—m? 1/3 . .
where m; = STmynismry, B = (T) and we recall that t, is the laboratory time at

the transparency point.
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4.4 The era V: the non-relativistic slowing down

In our special relativistic equations, the expansion of the pulse is described by the very
high and rapidly varying Lorentz . The non relativistic phase can be obtained from
Egs.(4.1, 4.3, 4.4), simply by introducing the limit ¢ — oco. In this limit the radial ve-
locity and not the v is the quantity describing effectively the expansion.

4.5 Arrival time at the detector

Up to this point we presented the set of dynamical equation for description of the first
three eras and of the afterglow era. In order to test our model we need now to compute the
luminosity emitted by the pulse and the relation between the time in which in laboratory
frame photons are emitted by pulse and the time in which those photons are detected by
an observer at infinity. Actually, since the motion of the pulse is highly-relativistic (y ~
200 — 300), the spherical waves emitted by external surfaces of pulse are highly distorted
with respect to the observer at infinity. We will now consider this effect.

Let us indicate by t, the arrival time of a photon emitted at a laboratory time ¢ by
the spherical surface of the relativistically expanding shell. The time t, is measured by an
observer very far from the spherical pulse but not at cosmological distance from it. Photons
arriving at the same time t, will be emitted at different ¢ as a function of the angle ¥, where
¥ is the angle in laboratory frame between the radial emission velocity of the photon and the
line of sight; the angle ¥ satisfies the relation (v/c) < cos? < 1 so that cos (Vmas) = (v/c),
where v = v (t) is the expansion speed of the ABM pulse at time ¢. The relation between ¢
and ¢, in the case of a constant v ~ 5 for expanding radio sources was found by Rees [98]:

ta=1 (1 — %cos 19) . (4.17)

For a constant expansion speed, the radius r (t) of the source is given by:
r(t) =vt. (4.18)

In our case the ABM pulse Lorentz  factor is not constant (see fig. 4.2), and so we must
generalize Eqs.(4.17) to variable expansion velocity. We set ¢ = 0 when the plasma starts to
expand, so that r (0) = rqs, i.e. the dyadosphere radius. Let a photon be emitted at time ¢
from the point P of the visible area of the ABM pulse. Its distance from the observer is L.
The time it takes to arrive at the detector is % Thus its arrival time, measured from the
arrival of the first photon a time % after its emission at t = 0, is:

L R
ta=t+— ——2, (4.19)
c c
where we have defined ¢, = 0 when a photon emitted at ¢t = 0 and ¥} = 0 reaches the observer

after travelling the distance Ry. The distance L is clearly given by:

L=1/R&+r(t)?>—2Rpr(t)cosd, (4.20)
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4.6. THE EMITTED LUMINOSITY

where at any given value of laboratory time ¢, cosv can assume any value between (%t))

and 1 as noted above. Now 7 () is less than one light year in order of magnitude while Ry
corresponds to a redshift z ~ 1. Thus we can expand the right hand side of equation (4.20)
in powers of ;é—i) to first order:

- r(t)
L~ Ry (1 Ry cosﬁ) , (4.21)

which corresponds to assuming L to be equal to its projection on the line of sight. Substi-
tuting (4.21) into (4.19) yields:

s t
ta:t+ri—&cosz9, (4.22)
c c

where we have used the fact that Ry = Ry+7q4s. For 7 (t) we can use the following expression:

t
r(t) = / v () dt + ras, (4.23)
0
so that equation (4.22) can be written in the form:

B Jov () dt’ + 7y
c

ta=1

cos ¥ + @, (4.24)
c

which reduces to Eq.(4.17) only if v is constant and 745 is negligible with respect to r ().
We need now to correct Eq.(4.24) for the cosmological expansion effects to get the wanted
relation between ¢ and t?. We recall that

th= (14 2)t,, (4.25)

a =
where z is the cosmological redshift. Our final relation is therefore:

B Jov () dt’ + 7y
c

th=(1+2) <t cos v + Tds) : (4.26)
c

A relation very often used for arrival time of GRB signal is derived from Eq.(4.17): in
radial approximation (9 = 0), by considering v ~ const, in the limit v/c ~ 1, one can find
t, ~ t/27*. However, as can be seen in fig. 4.2, the assumption of a constant velocity can
not be verified during the whole evolution.

4.6 The emitted luminosity

We now write the expression for the luminosity emitted by considering the contributions
of the off-axis emission to the afterglow.

Following Eqs.(4.7-4.8), we recall that in the comoving frame of the expanding ABM pulse
we suppose that the internal energy due to collision is instantaneously radiated away and
that the corresponding emission is isotropic. If Ae is the internal energy density developed
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Figure 4.2: The theoretically computed ~ factor for the parameter values Eg4,, = 4.83 x 10°3

erg, B = 3 x 1073 is given as a function of the radial coordinate in the labo-
ratory frame. The corresponding values in the comoving time, laboratory time
and arrival time are given in Tab .1 in [109]. The different eras indicated by ro-
man numerals are illustrated in the text (see sects. 8.3,3.4,3.5,4.2,4.4), while the
points 1,2,3,4,5 mark the beginning and end of each of these eras. The points Py,
and P4y mark the mazimum of the afterglow fluz, respectively in laboratory time
and in arrival time (see [104] and sects. 4.5,4.6). The point 6 is the beginning
of Phase D in Era V (see sects. 4.4,4.3). At point J the transparency condition
1s reached and the P-GRB 1is emitted. This diagram shows the inadequacy of
considering the simple power-law behaviour v o< r=2 for the relation between the
radius of the source and its Lorentz v factor as assumed in the large majority
of current papers on GRBs (see e.q. [124, 145, 125, 127, 85, 89] and references
therein). Actually, such a power-law behaviour with the predicted index can never
be realized (see sect. 4.11).
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in the collision, in the comoving frame the energy per unit of volume and per solid angle is

simply
dE Ae
(dVdQ)O s (4.27)

due to the fact that the emission is isotropic in this frame. The total number of photons
emitted is an invariant quantity independent of the frame used. Thus we can compute this
quantity as seen by an observer in the comoving frame (which we denote with the subscript
“0”) and by an observer in the laboratory frame (which we denote with no subscripts). Doing
this we find

dN, [ dN,
dtdQds; ~ \ dtdQds

where cos ¢ comes from the projection of the elementary surface of the shell on the direction
of propagation and A = v(1 — 3 cos¥) is the Doppler factor introduced in the two following
differential transformation

) A3 cosd, (4.28)

dQe = d x A2 (4.29)

for the solid angle transformation and
dto = dt x A™* (4.30)

for the time transformation. The surface d¥ involved is the visible area of the ABM pulse
at laboratory time ¢, namely with 0 < ¥ < ¥,,,, (see section 4.5). An extra A factor comes
from the energy transformation:

E,—ExA. (4.31)
Thus finally we obtain (see also [20]):
dE dE »
dtdQdy. (dtdeE)oA cosv. (4.32)

Doing this we identify (%) as the energy density in comoving frame up to a factor ;-
(see Eq.(4.27)). Then we have:

dE Ae
— A4 4.
00 = 1 ° cos ¥ ¥, (4.33)

where the integration in dX is performed over the ABM pulse visible area at laboratory time
t, namely with 0 <9 < ¥4 and 9,4, defined in sect. 4.5.

Eq.(4.33) gives us the energy emitted toward the observer per unit solid angle and per unit
laboratory time ¢ in the laboratory frame. But what we really need is the energy emitted per
unit solid angle and per unit detector arrival time t¢, so we must use the Eq.(4.26). First we
have to multiply the integrand in Eq.(4.33) by the factor (dt/ dtfll) to transform the energy
density generated per unit of laboratory time ¢ into the energy density generated per unit
arrival time t?. Then we have to integrate with respect to d¥ over the equitemporal surface
(EQTS, see section 4.5) of constant arrival time t¢ instead of the ABM pulse visible area at
laboratory time ¢. This gives for the source luminosity in detector arrival time then:

dr, Ae dt

= — YA —d3. 4.34
dtddQ ~ Jpors 4r © dtd (4:34)
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4.7 The EMBH best fit of the GRB 991216

We use the GRB 991216 as a prototype. The data of GRB 991216 are reproduced in
fig. 4.3: the data on the prompt emission as recorded by [7] and the data on the afterglow
from the RXTE satellite [23] and the Chandra satellite [93] (see also [58]).

GRB 991216

107°
T

GRB 991216 50-300 keV

120f

-1

10410

+ t71.61610.067
80 -

x10°% counts s

40f

F, (2-10 keV) (ergs em ™ s7Y)
10~ 1

M| L L Lol
0.1 1
seconds since trigger Days after 1999 Dec 16.6715

10412

Figure 4.3: a) The data on the GRB 991216 obtained by BATSE (reproduced from BATSE
1999) and b) the corresponding data for the afterglow from both RXTE and

Chandra (the last point after 10° s) are given as a function of the detector arrival
time (reproduced from [58]).

The data fitting procedure relies on three basic assumptions adopted for the sake of sim-
plicity:

1. In the light curve peak region, the source luminosity is mainly in the energy band
50-300 keV, so we consider the flux observed by BATSE a good approximation of the
total flux.

2. In the decaying part of the afterglow, we assume that during the R-XTE and Chandra
observations the source luminosity is mainly in the energy band 2-10 KeV, so we can
again assume that the flux observed by these satellites is a good approximation of the
total flux.

3. We have neglected in this case the lower energy contribution. In fact, even in the
latest afterglow phases up to where the X-ray data are available, the optical and radio
luminosities give a small contribution.

Let us apply the EMBH model by using the following parameters characterizing the af-
terglow: the energy of the dyadosphere, Ey,,, the baryonic matter in the remnant of the
progenitor star, parametrized by B and the average number density of ISM (n;g,). The lo-
cation of the remnant has been assumed ~ 10'® cm. As discussed in [103] and sect. 3.6, the
PEMB pulse evolution becomes in time rather insensitive to the actual density and location
of the baryonic component but they are very sensitive to the value of B [117].
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Figure 4.4: a) Afterglow luminosity computed with fived B = 3 x 1072 for an EMBH of cor-
responding Eqye = 5.29 x 10°! erg, Egyy = 4.83 x 10° erg, Egyq = 4.49 x 10° erg.
b) Afterglow luminosity computed with fized Egy, = 4.83 x 10°3, corresponding to
B=9x10"2,6x10"3, 3 x 1073, 1 x 1073, 7 x 1074, 4 x 1074,

In fig. 4.4 we present the actual first results of fitting our EMBH model to the data from
the R-XTE and Chandra satellites, corresponding to selected values of Fgy, and B. For
simplicity the light curve in radial approximation is shown in figs. 4.4, 4.5, 4.6; the features
to be evidenced remain if we take into account the off-axis contribution. As shown in fig. 4.4
(a) the higher is the total energy Ey,, at fixed B the later the transparency is reached,
since a higher energy of the source is converted in larger number of ete™ pairs responsible
of the opacity of the pulse. At fixed Ey,, (fig. 4.4 (b)) by increasing the baryonic remnant,
the transparency is delayed because more ionization electrons increase the opacity. Three
distinct features are evident in the luminosity as a function of the arrival time at the detector
for a homogeneous ISM: an initial rising part in the afterglow luminosity which reaches a
peak followed by a monotonically decreasing part.

We have then proceeded to fine tune the two parameters in fig. 4.5. The main conclusions
from our model are the following:

1) The slope of the bolometric afterglow in the region where the experimental data are
present is n o~ —1.6, in agreement with the observational data [58]. The index n in this region
is rather insensitive to the values of the parameters Ey,, and B (see fig. 4.4). The physical
reason for this universality of the slope is in a variety of factors including the ultrarelativistic
energy of the baryons in the ABM pulse, the assumption of constant average density in the
ISM, the “fully radiative” conditions leading predominantly to X-ray emission.

2) The afterglow fit does not depend directly on the parameters p, £ but only through their
combination Ey,,. Thus there is a 1-parameter family of values of the pair (u, ) allowed by
a given viable value of Eyy, (see fig. 17 in [109] and sect. 3.6).

3) By fine tuning the parameters of the best fit of the luminosity profile and time evolution
of the afterglow the following parameters have been found: Eg, = 4.83 x 10%erg, B =
3 x 1073 and ny,, = 1particle/cm3.

After fixing the free parameters of the EMBH model, modulo the mass-charge relation-
ship which fixes Eg4,,, we can derive the complete space-time evolution of the pulse for
GRB 991216 (see Table 1 in [109]) as well as the dependence of the v factor as a function of
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Figure 4.5: Fine tuning of the best fit of the afterglow data of Chandra, RXTE as well as of
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afterglow curve leading to the parameter values Eqy, = 4.83 x 10%%erg, B = 3 x
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Figure 4.6: Best bolometric fit of the afterglow data of Chandra, RXTE as well as of the range
of variability of the BATSE data on the prompt emission, by a unique afterglow
curve leading to the parameter values Eg,, = 4.83 x 10%erg, B = 3 x 107 and
(Nism) = lparticle/cm3. The horizontal dotted line indicates the BATSE noise
threshold at time of detection. On the left axis the luminosity is given in units
of the energy emitted at the source, while the right axis gives the flux as received
by the detectors.
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the radial coordinate (see fig. 4.2).

4.8 Proper Gamma-Ray Burst (P-GRB)

4.8.1 Identification of the signal

Having determined the first two free parameters of the EMBH model, the bolometric
luminosity is determined at all times. The average luminosity of the prompt emission ob-
served by BATSE and of the afterglow emission observed by RXTE and Chandra can be
fit already quite well by EMBH theoretical afterglow curve (see fig. 4.6). This led us to the
identification of the long bursts observed by BATSFE with the peak of afterglow light curve
so-called Extended Afterglow Peak Emission (E-APE). The peak of this E-APE occurs at
~ 19.87 s and its intensity and time scale agree very well with the BATSE observations.
This E-APE is not a burst, but is seen as such by BATSE due to its high noise threshold.
This provides a natural explanation of the outstanding problem of explaining the long GRBs
(see e.g. [148, 123, 90]) which are nothing but the peak of afterglow emission.

The most interesting question to be asked is: where does one find the burst which is
emitted when the condition of transparency against Thomson scattering is reached? We
have referred to this as the proper gamma ray burst (P-GRB) in order to distinguish it from
the global GRB phenomena [103]. The answer can be found by looking at two diagrams
(see fig. 4.7 and fig. 4.8). In fig. 4.7 it is shown that for a fixed value of Eg,, the value of
B uniquely determines the energy Ep-grp of the P-GRB and the kinetic energy Epqryons Of
the ABM pulse at transparency point which gives origin to the afterglow (see fig. 4.7). The
partition of total energy budget Egy, is simply

Edya = EP—GRB + EBaryons (435>

with EP—GRB/EBaryons =1.58 x 1072,

The theoretical simulation fixes the coordinate of the transparency point (see Tab .1 in
[109]); the prediction of the energy emitted at transparency and of the time of arrival of the
average luminosity lead to the identification of the P-GRB with the just above threshold
signal in the BATSFE data preceeding the prompt emission by 20sec and apparently uncor-
related with the prompt (see fig. 4.3 a). We have estimated from the BATSE data the ratio
of the P-GRB to the E-APE over the noise threshold to be ~ 1072, in agreement with our
result. A more general and qualitative picture of time delay between P-GRB and E-APE as
a function of B for different values of Fg,, is shown in fig. 4.8.

This leads to a natural explanation of the temporal structure of GRBs: the P-GRBs
coincide with the class of short events (< 2 s) discovered in the bimodal distribution of
GRBs in the BATSE catalog [65], while the E-APEs coincide with the class of longer events
(> 2 s). Therefore the absence of afterglow observations in some GRBs should be due to the
fact that the amount of baryonic material in the remnant parametrized by B is so small that
the afterglow signal is well below the noise level of the instrumental devices. Viceversa for
long bursts the amount of baryonic matter is so dominant that almost all internal energy of
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Figure 4.7: Prediction in the EMBH model of the relative energies, in units of Fgyq = 4.83 X
10%erg, of P-GRB (solid line) and of afterglow (dashed line), computed as kinetic

enerqy of baryons at transparency point. The vertical line corresponds to the value
B =3 x 1072 of best fit of GRB 991216.
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Figure 4.8: The arrival time delay between the P-GRB and the peak of the afterglow is plotted
as a function of the B parameter for three selected values of Egyq.

the pulse is converted in kinetic energy of baryons. Therefore short bursts must derive from
very efficiently collapsed objects, at variance from long bursts. The time scale of P-GRB
is given by D/c ~ 1 sec, coincident with the maximum duration of short bursts; here D is
the thickness of the pulse in laboratory frame. This is the reason of the discrete distinction
between short and long events in our model, in spite of a continuous B parameter. Here the
predictive power of this model emerges.

This interpretation of the temporal structure of GRB will be tested by Swift mission,
whose launch is scheduled for late 2004. The Swift rapid response (roughly 1 minute) will
allow observations at times in which the emissions are brighter than the few hours response
capabilities of current instruments.

4.8.2 Hardness of the P-GRB

Regarding the P-GRB spectrum, the initial energy of the electron-positron pairs and pho-
tons in the dyadosphere for given values of the parameters can be easily computed following
the work of [96]. We obtain respectively 7" = 1.95 MeV and 7" = 29.4 MeV in the two
approximations we have used for the average energy density of the dyadosphere (see sec-
tion 3.6 and fig. 3.2). It is then possible to follow in the laboratory frame the time evolution
of the temperature of the electron-positron pairs and photons through the different eras until
transparency point, see fig. 4.9. The abrupt decrease of temperature in laboratory frame,
corresponding to an increase of temperature in comoving frame, is due to the collision with
remnant. In our single slab, if B = 0, we have Tj;s ~ const (see sect. 3.3.3). The condition
of transparency is reached at temperatures in the range of ~ 15 — 55 keV at the detector,
in agreement with the BATSE results. We emphasize that in the limit of B going to 1078
in which the P-GRB coincides with the “short bursts” the spectrum of the P-GRB becomes
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Figure 4.9: The temperature of the pulse in the laboratory frame for the first three eras is
given as a function of the laboratory time. The numbers 1, 2, 3, 4 represent the
beginning and end of each era. The two curves refer to two extreme approrima-
tions adopted in the description of the dyadosphere (see section 3.6).

harder in agreement with the observational data (see fig. 6 in [109] and [81, 5, 30, 46]).

In order to compare the EMBH theoretical results with the temporal details and spectral
features of observational data on the P-GRB, inhomogeneous distributions instead of aver-
age values of number density of eTe™ pairs, Lorentz v factor and temperature have been
introduced, obtaining the observed soft-hard spectral evolution (see Chapter 6 and [122]).

4.9 The E-APE temporal substructures taking into
account off-axis emission

We now consider the problem of the relation between ISM inhomogeneity and the temporal
substructures in the E-APE. We have created an ISM inhomogeneity “mask” (see fig. 4.10)
with the main criteria that the density inhomogeneities and their spatial distribution fulfill
< Nygm >= 3 particle/cm?.

The results are given in fig. 4.11 and fig. 4.12. We obtain, in agreement with the observa-
tions:

1. the theoretically computed intensity of the A, B, C peaks as a function of the ISM
inhomogneities;

2. the fast rise and exponential decay shape for each peak;

3. a continuous and smooth emission between the peaks.

The points A, B, C are well fit in intensity and arrival time by the spikes of our density
mask. In the case of D, the agreement with the arrival time is reached, but we do not
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Figure 4.10: The density profile (“mask”) of ISM used to reproduce the temporal sub-structure
of the peak of GRB 991216. As before, the radial coordinate is measured from
the EMBH. In this cloud we have six “spikes” with overdensity separated by
low density regions. Each spike has the same spatial extension of 10'° cm. The
cloud average density is < mjs, >= 3 particle/cm?.
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Figure 4.11: The theoretically computed ~y factors for the parameter values Eqy, = 4.83 X
10 erg, B = 3 x 1072 are given as a function of the radial coordinate in the
laboratory frame with cloud average density constant < n;., >= 3 particle/cm?
and with density mask in fig. 4.10 having the same average value (see also
fig. 4.2). The different eras indicated by roman numerals are illustrated in the

text (see sections 3.3,3.4,5.5,4.2,4.4). The points P, and Py mark the maximum

of the afterglow flux, respectively in laboratory time and in arrival time (see [104]
and sects. 4.5,4.6).
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Figure 4.12: Left) The BATSE data on the E-APE of GRB 991216 (source: [6]) together
with an enlargement of the P-GRB data (source: [7]). For convenience each
E-APE peak has been labeled by a different uppercase Latin letter. Right) The
source luminosity corresponding to the mask in fig. 4.10 is given as a function
of the detector arrival time (solid “spiky” line) with the corresponding curve

for the case of constant (n;.,) = 3particle/cm?® (dashed smooth line) and the
BATSE noise level (dotted horizontal line).
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obtain the double peaked structure. The ABM pulse visible area diameter at the moment
of interaction with the D shell is ~ 1.0 x 10'® cm, equal to the thickness of the ISM shell
[107]. Since it is likely that the spatial scale of the ISM cloud is ~ 1.0 x 10" cm also in
the direction orthogonal to the ABM motion, we conclude that at point D the visible area
reaches the boundary of the cloud. The additional emission from the ISM shell makes the
signal of the spike D smear out. For points A, B, C, where the visible area is much less
than the thickness, the approximation of the concentric shells holds very well, but not from
the point D on: the disagreement with the observations makes manifest the need for a more
detailed description of the three dimensional nature of the ISM cloud.

The signals from shells E and F, which have a density inhomogeneity comparable to A,
are undetectable. The reason is the same as for point D, due to the even larger visible area
than for point D [107].

Summarizing we can distinguish two different regimes corresponding in the afterglow of
GRB 991216 respectively to v > 150 and to v < 150. For different sources this value
may be slightly different. In the E-APE region (v > 150) the GRB substructure intensities
indeed correlate with the ISM inhomogeneities. In this limited region (see peaks A, B, C)
the Lorentz ~ factor of the ABM pulse ranges from v ~ 304 to v ~ 200. The boundary
of the visible region is smaller than the thickness AR of the inhomogeneities. Under this
condition the adopted spherical approximation is not only mathematically simpler but also
fully justified. The angular spreading is not strong enough to smear out the signal from the
inhomogeneity spike.

As we descend in the afterglow (v < 150), the Lorentz v factor decreases markedly and
in the border line case of peak D v ~ 140. For the peaks E and F we have v ~ 50 and,
under these circumstances, the boundary of the visible region becomes much larger than the
thickness AR of the inhomogeneities. A three dimensional description would be necessary,
breaking the spherical symmetry and making the computation more difficult.

Two explanations of the observed substructures can be found in literature: the one by
Fenimore and collaborators (see e.g. [35, 36, 37]) and Piran and collaborators (see e.g.
[126, 89, 93, 90]) on one side and the one by Dermer and collaborators [29, 30, 31] on the
other side.

Fenimore et al. have focused on the specific signature to be expected in the collision of a
relativistic expanding shell with the ISM, which they call a fast rise and exponential decay
(FRED) shape. This feature is confirmed by our analysis (see peaks A, B, C in fig. 4.12).
However they also conclude, sharing the opinion by Piran et al., that the variability observed
in GRBs is inconsistent with causally connected variations in a single, spherical, relativistic
shell interacting with the surrounding material (“external shocks”) [36]. In their opinion the
short time variability is due to the protracted activity of an unspecified “inner engine” [126]
(see as well [99, 84, 77, 79, 73]).

On the other hand, Dermer et al., by considering an idealized process occurring at a fixed
~v = 300, have reached the opposite conclusions: GRB light curves are tomographic images
of the density distributions of the medium surrounding the sources of GRBs [31].

From our analysis we can conclude that Dermer’s conclusions are correct from v ~ 300 up
to v > 150. However, as the v factor drops from v ~ 150 to 7 ~ 1 (see fig. 4.2), the intensity
due to the inhomogeneities decreases also due to the angular spreading (events E and F).
The initial Lorentz factor of the ABM pulse v ~ 310 decreases very rapidly to v ~ 150 as
soon as ISM cloud is engulfed. We conclude that the “tomography” point of view is valid,
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but just in the ISM region close to the source and for GRBs with relatively high [113] ~
factor (v > 150).

4.10 GRB-Supernova time sequence

A correlation between the GRBs and Supernova events exists and has been established by
many works [13, 48, 49, 50, 66, 89, 140]. Such an association has been assumed to indicate
that GRBs originate from the same massive body giving before the Supernova explosions
[66].

At present at least three GRBs have unequivocally shown an observational connection
with a Supernova explosion (GRB 980425, GRB 030329, GRB 031203) and not by chance
they are the next ones in the whole GRB sample. We proposed [105] a GRB-SN time se-
quence kinematically compatible with observations of Iron line in the spectra of GRB 991216
predicting the possibility of observing a variety of pion, kaon or neutrino cooling of a newly
born neutron star [17], depending on the star composition.

The idea is that a massive GRB-progenitor star P, of mass M; undergoes gravitational
collapse to an EMBH. During this process the dyadosphere is formed; photons and neutrinos
emitted in the P-GRB and the E-APE impact on a second supernova-progenitor star P, of
mass Ms. Assuming that both stars were generated approximately at the same time, we
expect to have My < M;. Under some special conditions of the thermonuclear evolution of
the supernova-progenitor star P,, the collision of the P-GRB and the E-APE with the star
P; can induce its supernova explosion.

Especially relevant to our model are the following data from the Chandra satellite [93]:
at the arrival time of 37 hr after the initial burst there is evidence of iron emission lines for
GRB 991216; the emission lines are present during the observation period of 10* s, but the
iron lines could also have been produced earlier, before Chandra was observing; the emission
lines have a peak at an energy of 3.49 + 0.06 keV which, at a redshift z = 1.00 £ 0.02
corresponds to an hydrogen-like iron line at 6.97 keV at rest. This source does not appear
to have any significant motion departing from the cosmological flow. Moreover the iron lines
have a width of 0.23 keV consistent with a radial velocity field of 0.1c. The iron lines are
only a small fraction of the observed flux.

In order to reach an intuitive understanding of these complex computations we present a
schematic very simplified diagram (not to scale) in fig. 4.13.

We now describe the sequence of events and the specific data corresponding to the time
sequence proposed:

1. The two stars P, and P» are separated by a distance Dp, = 3.94 X 10'7 c¢m in the
laboratory frame, see fig. 4.13. Both stars are at rest in the laboratory frame. At
laboratory time ¢ = 0 and at comoving time 7 = 0, the gravitational collapse of the
GRB-progenitor star P; occurs, and the initial emission of gravitational radiation or
a neutrino burst from the event then synchronizes this event with the arrival times
t, = 0 at the supernova-progenitor star P, and t¢ = 0 for the distant observer at rest
with the detector. The electromagnetic radiation emitted by the gravitational collapse
process is instead practically zero, due to the optical thickness of the material at this
stage ([10], see Tab. 1 in [109]).
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Figure 4.13: A qualitative simplified space-time diagram (in arbitrary units) illustrating the
GRB-SN connection in EMBH model. The EMBH, originating from the gravita-
tional collapse of a massive GRB-progenitor star Py, and the massive supernova-
progenitor star Py-neutron star (P-NS) system, separated by a radial distance
Dp,, are assumed to be at rest 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 “effec-
tive” constant v factor v, during the eras reaching the condition of transparency.
Similarly, another “effective” constant v factor vo < v1 applies during era 1V
up to the collision with the P,-NS system. A third “effective” constant vy factor
Y3 < Yo occurs during era V after the collision as the nonrelativistic regime of
expansion is reached. The dashed lines at 45 degrees represent signals propagat-
ing at speed of light.
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2. From Tab. 1 in [109], at laboratory time ¢; = 6.48 x 10? s and at a distance from the
EMBH of D; = 1.94 x 10* ¢m, the condition of transparency for the PEMB pulse is
reached and the P-GRB is emitted. This time is recorded in arrival time at the detector
t? =841 x 1075, and, at P», at t,, = 4.20 x 1072 5. The fact that the PEMB pulse
in an arrival time of 8.41 x 1072 s covers a distance of 1.94 x 10 c¢m gives rise to
an apparent “superluminal” effect. This apparent paradox can be straightforwardly
explained by introducing an “effective” ~y factor, see [105].

3. At laboratory time ¢t = 1.73 x 10% s and at a distance from the EMBH of 5.18 x 10¢ cm
in the laboratory frame, the peak of the E-APE is reached which is recorded at the
arrival time ¢, = 9.93s at P, and t¢ = 19.87 s at the detector. This also gives rise to
an apparent “superluminal” effect.

4. At a distance Dp, = 3.94 x 1017 cm, the two bursts described in the above points 2) and
3) collide with the supernova-progenitor star P, at arrival times ¢,, = 4.20 x 1072 s and
te = 9.93 s respectively. They can then induce the supernova explosion of the massive
star Ps.

5. The associated supernova shell expands with velocity 0.1c.

6. The expanding supernova shell is reached by the ABM pulse generating the afterglow
with a delay of ¢,, = 18.5 hr in arrival time following the arrival of the P-GRB and the
E-APE. This time delay coincides with the interval of laboratory time separating the
two events, since the P, is at rest in the laboratory frame (see [105]). The ABM pulse
has travelled in the laboratory frame a distance Dp, — Dy >~ Dp, = 3.94 x 10" ¢m in
a laboratory time t, — t; ~ t, = 1.32 x 10" s (neglecting the supernova expansion).

The collision of the pulse with the supernova shell occurs at v ~ 4.0. By this time the
supernova shell has reached a dimension of 1.997 x 10" ¢m, which is consistent with the
observations from the Chandra satellite.

In these considerations on GRB 991216 the supernova-progenitor has been assumed to be
close to but not exactly along the line of sight extending from the EMBH to the observer at
infinity in such a way that the P-GRB radiation is observable on the earth

The possibility of observing the supernova light curve depends on the relative intensities
between the GRB and the supernova as well as on the value of the distance and the redshift
of the source. In the present case of GRB 991216, the expected optical and radio emission
from the supernova are many orders of magnitude smaller than the GRB intensity. The
opposite situation is in GRB 980425 - SN1998bw (z = 0.00835) [113, 45] which is one of the
closest and weakest GRBs observed. In this case, the radio and the optical emission of the
supernova has been distinctively observed. For this particular case, the EMBH appears to
have a significantly lower value of the parameter £ and the validity of our scheme here is
confirmed. A similar situation is found for GRB 030329 (z = 0.168) [9].
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4.11 Ultrarelativistic approximation

In this section we present an analysis of the approximations which can be found in lite-
rature made to obtain the power law behaviour of the kinematical quantities in the slowing
down phase of Gamma-Ray Bursts within the external shock scenario; here in particular
we will focus on the radial dependence the Lorentz ~ factor of the bulk [89, 100], e.g.
used to derive the relation between time at source and time of arrival at the detector; our
aim is here to clarify the regime of validity of those approximations and therefore their
physical feasibility. We will present later on the approach within the EMBH model: from a
numerical integration of the energy-momentum conservation equations, in the fully radiative
assumption, the value of the Lorentz ~ factor at any radial distance from the source is
computed and it is found that the previous power law regime can not hold in any physical
situation.

In the commonly accepted scenario of the external shock for the afterglow, a single ultra-
relativistic shell of material slows down by colliding with matter surrounding the source.
The solution of the relativistic Rankine-Hugoniot equation governing the propagation of a
shock wave has been given by Taub [135]. By applying the law of conservation of energy-
momentum, the slowing down of the shell is described by a series of infinitesimal inelastic
collisions between the shell and infinitesimally thick external shells of mass dm [11, 89].
These equations, in analogy with Eqs.(4.10, 4.11) and if the approximation in (4.9) is valid,
can be written at the first order in the form

dry dm
=== 4.
1 7 (4.36)
and
dE = (y — 1)dm c? (4.37)

where v is the bulk Lorentz factor, M is the comoving energy (rest mass and internal
energy), dE is the internal energy produced in this collision. The fraction of the internal
energy radiated is defined as §; so 6 = 0 in adiabatic case and § = 1 in fully radiative case.
The total comoving energy increases according to:

dM ¢ = (1 —0)dE +dmc® = [(1 — 6)y + d]dm . (4.38)
From (4.36) and (4.38), the following relation is found [1]

((77 - 38;11))1:% = (Mo/M)? (4.39)

where M, and 7, are values at beginning of slowing down phase; from (4.36) and (4.39) the
mass swept m(r) up to a radius r is given by

m(r) (7% — 1)1/2 /w (' — 1)73/2

My = (et D L G 1)

where r is the radial distance in laboratory frame. At this point the crucial approximation
is introduced that vy > v > 1 in Eq.(4.40), so that, by integrating, one obtains
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Figure 4.14: Theoretically simulated Lorentz v factor as a function of radial distance in lab-
oratory frame for afterglow in adiabatic (solid line) and fully radiative (dashed
line) regimes for B = 3x1073. Straight lines are power laws of the form ~ oc =7
with = 1.470134+0.00052 (adiabatic) and f = 2.6996+0.0014 (fully radiative).
For a physical v, ~ 300, there exists no region in which the predited power law
indexes are attained in no one case.

if (7/7,)>7° < 1. For a matter distribution with m(r) ~ 73, the power laws of Lorentz ~y are
obtained:
v(r) oc r3/(279) (4.42)

so that v o r~2 in adiabatic case and v o< r~3 in fully radiative case. From (4.41) one can
see that the validity of the approximation depends on the value of J: the less is §, the more
the last step in Eq.(4.41) is valid. So one could expect that for sufficiently high value of ~,,
at least v, ~ 103 —10%, a region could exist where v has the predicted power law dependence.

In the EMBH model, after the so-called P-GRB in which the expanding system becomes
transparent and all the internal energy is emitted as electromagnetic radiation [103, 104, 108,
109], an ultrarelativistic shell of baryonic material (ABM pulse) still expands in completely
inelastic collisions with InterStellar Medium (ISM). At a generic step of the collision process,
the set of constitutive equations of conservation of energy-momentum in the laboratory frame
are given by

Vi A]\4ism 2
PN V1 + AMignc® = ( pp— + =% 4 Ae | 1%V, (4.43)
Va Va
Vi AMismCQ
P U Vi = pBlfl + —— + A | U, Vs (4.44)
Va Va

where in this case u M 9
+ ism
pB = (M % )¢ + (1 = 6)Aesor (4.45)

63



4.11. ULTRARELATIVISTIC APPROXIMATION

T
adiabatic

U fully radiative -------
10 | N B=-2.95 - 7
B=-15 -
10° | ]
S
Q
8
=
N
s 10%f 1
o
-
10' | ]
10° | - 4

1 1 o L
10" 10'6 10" 108
r(cm)

Figure 4.15: Theoretically simulated Lorentz vy factor as a function of radial distance in lab-
oratory frame for afterglow in adiabatic (solid line) and fully radiative (dashed
line) regimes for B = 3x1075. Straight lines are power laws of the form ~ oc 77
with f = 1.50017 4+ 0.00069 (adiabatic) and § = 2.9492 + 0.0022 (fully radia-
tive). Even in the unphysical case v, ~ 10*, much larger than any cases fit by
EMBH model, the theoretically predicted indexes power law are never reached
i the fully radiative case.

at variance from Eq. 4.1 where § = 0 (fully radiative); in Eqs.(4.43, 4.44) the quantities with
the index “1” are calculated before the collision of the ABM pulse with the elementary shell
of mass AM,,, and the quantities with “2” after the collision; Ae the total internal energy
density created in that collision step, V the volume of the ABM pulse in the laboratory
frame so that V' = 7V, Mg (r) = mynim(4/3)7(r® — r,®) with r, transparency radius
and U, = /7?2 — 1 is the radial covariant component of the four-velocity vector (see [116,
117]). It has been shown for many fit sources that the value of Lorentz ~ at transparency
point v, is of the order of v, ~ 10? (see e.g. GRB 030329, GRB 020322, GRB 991216,
GRB 980519, GRB 980425, GRB 970228 in [109, 111, 9, 24, 45, 113], see also fig. 4.14),
while the ultrarelativistic approximation adopted in literature requires v, ~ 10* or higher
[44, 115]. However, even for v, ~ 10%, the predicted power law in the fully radiative case
v ~ r~3 is never reached (see fig. 4.15).

Our analysis shows that in the limiting cases of adiabatic and fully radiative expansion
the predicted power laws in ultrarelativistic limit can never come true in any physical case
of GRB, where v, ~ 102, Only in a restricted region and only for 7, > 10%, far above the
physical value typical for GRBs, these regimes can be found.
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5 Spectrum

The observed time-integrated spectra of GRBs are well reproduced by using a phenomeno-
logical formula proposed by Band [5] made of two smoothly connected power laws; the Band
formula is not underlined by any physical assumption but introduced in order to provide a
unified description of the spectral features of GRBs

The bolometric light curves presented up to this point are prediction of the sum of obser-
vations of all the instruments which would have observed the GRB in all frequency bands.
We present an attempt to derive the GRB luminosity in selected energy bands and the GRB
spectra both time resolved and time integrated from the assumption that at high energy
(X and v bands) the energy distribution of radiation in the comoving frame of ABM pulse
is thermal. This energy is completely produced in the collisional shock of the ABM pulse
with an ISM. We again used GRB 991216 as the prototype by comparing our theoretical
predictions in the 2-300 keV range with the set of data by BATSFE in the 50-300 keV band
[7] and by R-XTE and Chandra in the 2-10 keV band [93, 23]. We also give physical reasons
for the global hard-to-soft transition observed in the majority of GRBs [46, 51, 89, 92].

No evidence of beaming is found in GRB 991216. The declared breaking in the light curve
is not explained in EMBH model by assuming a beamed emission from the source, but by
assuming a spherically symmetric pulse a natural bending in the observed light curve is
derived from a thermal radiation in the comoving frame.

5.1 The origin of the afterglow X- and ~v-ray radiation

The high energy part of the spectrum finds a quite simple and natural explanation by
using three basic assumptions: a) the resulting radiation as viewed in the comoving frame of
the expanding pulse during the afterglow phase has a thermal spectrum; b) the ISM swept
up by the front of the pulse, with a Lorentz v factor between 300 and 2, is responsible for this
thermal emission; ¢) the expansion occurs with spherical symmetry. These three assumptions
are different from the ones adopted in the GRB literature, which are commonly based on
the synchrotron radiation emitted by the relativistic electrons behind the shock front of the
expanding system accelerated in a magnetic field when the jet-like ejecta encounters the
external medium.

The structure of the shock is determined by mass, momentum and energy conservation,
which are standard conditions in shock rest frames [150] and have already been used in our
derivation (see chapt. 4 and [109]). The only additional free parameter of our model is the
size of the “effective emitting area” in the shock wave front: A.sr. The temperature T' of
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the black body in the co-moving frame is then

AEwint 1/4
T=(_—"m 5.1
(47TT2ATJR> ’ (5-1)
where 4
eff
= 2
R Aabm (5 )

is the ratio between the “effective emitting area” A.;; and the ABM pulse surface Agpm,
AFEy, is the internal energy developed in the collision with the ISM in a time interval A7
in the comoving frame and o is the Stefan-Boltzmann constant. The ratio R, which is a
priori a function that varies as the system evolves, is evaluated at every given value of the
laboratory time t¢.

From the definition (5.1) the source luminosity at a detector arrival time t¢, per unit solid
angle d€) and in the energy band [vy, 5] is given by (see sect. 4.6 and [109)]):

dEY]
dtdde

Ae , dt
— /EQTS47T v cost A d—th(Vl,yg,Tar,,)dZ, (5.3)

where Ae = AFE;,;/V is the energy density developed in the interaction of the ABM pulse
with the ISM inhomogeneities measured in the comoving frame, A = v(1 — (v/c) cos¥) is
the Doppler factor, W (v, v9, Tyy) is an “effective weight” required to evaluate only the
contributions in the energy band [v,1»], d3 is the surface element of the EQuiTemporal
Surface (EQTS) at detector arrival time t¢ on which the integration is performed, o is the
angle in laboratory frame between the emission line and the line of sight and T,,, is the
observed temperature of the radiation emitted from d>::

T 1

farr = ol (1 — %cosﬁ) (1+2)

(5.4)

The “effective weight” W (v, v, T,,) is given by the ratio of the integral over the given
energy band [v, 5] of a Planckian distribution at a temperature T,,,. to the total integral
aT4 .

arr®

1 V2 h\®
W (V1, v, Tarr) = T4 / P (Tarra I/) d (C) ) (55>

arr 1

where p (T, v) is the Planckian distribution at temperature 7.,

2 hv

1% (Tarra V) = ﬁexphl//(kTam") -1’

(5.6)

5.2 Best fit for GRB 991216 of observed flux in selected
energy bands

We can now proceed to the best fit of the observed data using GRB 991216 as the proto-
type. The numerical integration over space-time is made over the emitting surface of EQTS
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which have a known geometry. In fig. 5.1 the solid line gives the bolometric luminosity [109].
We give also in fig. 5.1 the results for the three energy bands 50-300 keV (BATSE), 2-10 keV
(R-XTE, Chandra) and 10-50 keV. The best fit is obtained by a factor R, which is monoton-
ically varying in the range 3.01 x 1078 > R > 5.01 x 107!2, respectively in correspondence
with the beginning of the afterglow emission and the last observation by Chandra at ~ 37
hr after the GRB. Very good agreement is obtained with the data by [7] in the energy range
50-300 keV (see dashed line in fig. 5.1) and by the R-XTE and Chandra satellites [58] in the
energy range 2-10 keV (see dotted line in fig. 5.1 and fig. 5.2).

10%? T T T T T
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2-10 keV - 6
GR8991216 Observed afterglow data ~-+-1 - 10°
-- ---BATSE noise fevel-------
GRB991216 Observed peak value - -
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Detector arrival time (tad) (s)

Figure 5.1: Best fit of the afterglow data of GRB 991216. The solid curve is the bolometric
luminosity. The three dotted curves correspond to the luminosities in the bands
50-300 keV, 10-50 keV and 2-10 keV respectively. Near the E-APE, where the
BATSE data are present, the luminosity is mainly in the 50-300 ke V band, verify-
ing the assumption 1) in sect. 4.7. The afterglow data from R-XTE and Chandra
[58] in the 210 keV are fit by the corresponding luminosity curve too, coincident
with bolometric luminosity (assumption 2) in sect. 4.7). The reduced x* value
for this fit is x* ~ 1.078.

A constant ISM number density is reported (ng,) ~ 1 particle/cm? without any radial
substructure. These data are fit with a x? ~ 1.078. The fit can be further improved, reaching
a x? ~ 0.497, when the radial dependence in (n,) from fig. 4.10 is introduced, ranging from
(Nism) =~ 1 particle/cm?® in the E-APE region (r ~ 5 x 10'® cm) to (n;s,) ~ 3 particle/cm?
in the latest afterglow phases (r ~ 4 x 10'7 ¢cm). We also verified that in the E-APE the
luminosity is mainly in 50-300 keV band, while during the afterglow mainly in 2-10 keV
band.
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Figure 5.2: Zoom on best fit of afterglow luminosity of GRB 991216 of fig. 5.1 in the re-
gion of the data in the 2-10 keV band from the R-XTE and Chandra satellites
with constant number density nism, showing the agreement between the theoretical
curve and the observational data. The reduced x* value for this fit is x* ~ 1.078.
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Figure 5.3: Theoretical prediction within EMBH model of the GRB 991216 light curve in 50—
300 keV with the number density profile given in fig. 4.10 reported with bolometric
light curve and BATSE noise level. Near the E-APE, where the BATSE data are
present, the bolometric luminosity is almost superposed to the 50-300 keV band
curve, verifying the assumption 1) in sect. 4.7.
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Figure 5.4: Afterglow luminosity for GRB 991216 in 2-10 keV band with density mask pre-
dicted by EMBH model represented with bolometric luminosity and observational
data. The reduced x* value for this fit is x* ~ 0.497.
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5.3 Hard-to-soft spectral evolution

A more stringent test of a spectral model of GRBs is not represented by time integral
spectra, just useful to describe global properties of the phenomenon, but by time resolved
spectra giving indication of time evolution of the parameters like power law index or energy
peak. Historically the first spectral parameter of GRBs was the hardness ratio, i.e. the
ratio of photon counts per second belonging to two different among the four energy channels
of BATSE [65, 137]. Afterwards the Band formula became popular describing the global
spectrum by two power law indexes at low («) and high () energies and by the energy
peak. Our computations are directly compared with this second set of parameters.

We turn now to the issue of the origin of the observed hard-to-soft spectral transition
during the GRB observations [46, 51, 89, 92].
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Figure 5.5: The instantaneous spectra N(E) of the radiation observed in GRB 991216 at
three different arrival times respectively, from top to bottom, for t& =10 s, t¢ =
10* s and t¢ = 1.45 x 10° s. These diagrams have been computed assuming
a constant (niem) =~ 1 particle/cm?® and explains the often quoted hard-to-soft
spectral evolution in GRBs. The peak of the last time spectrum occurs below the
chosen range [1 + 1000]keV due to the transition to lower energies at that time.

We consider the instantaneous spectral distribution of the observed radiation for three
different arrival time EQTS: t¢ = 10 s, in the early radiation phase before the peak of the
luminosity; t¢ = 1.45 x 10° s, at time of the last observation of the afterglow by the Chandra
satellite, and t? = 10* s, arbitrarily chosen in between the other two. In fig. 5.5 these
time resolved spectra by N(E), the photon count number in photons cm™2 s~ keV~!, are
represented under the assumption of a constant ISM particle density equal to the average
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(Nism) =~ 1 particle/cm?. The observed hard-to-soft spectral transition is then explained and
traced back to:

1. a time decreasing temperature of the thermal spectrum measured in the comoving
frame,

2. the GRB equations of motion,

3. the corresponding infinite set of relativistic transformations defining the EQTS.

A clear signature of our model is the existence of a common low-energy behavior of the
instantaneous spectrum represented by a power-law with index o = 40.9. This prediction
will be possibly verified in future observations.

Starting from these instantaneous values, we integrate the spectra in arrival time obtaining
what is usually fit in the literature by the Band formula [5]. Indeed we find for our integrated
spectra N(E) a low energy spectral index o« = —1.05 and an high energy spectral index
B < —16 (see fig. 5.6). This theoretical result can be submitted to a direct confrontation with
the observations of GRB 991216. The theoretical framework which we have developed can
now be applied to any GRB source comparing our theoretical predictions on the luminosity
in fixed energy bands with the observational data.
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Figure 5.6: The predicted time-integrated spectrum of the radiation observed in GRB 991216.
The low energy part of the curve below 10 keV s fit by a power-law with index

a = —1.05 and the high energy part above 500 keV is fit by a power-law with an
mdexr < —16.

We have also applied our model to GRB 980425; the comparison of the theoretical light
curves and time resolved spectra for early time emission with observations are shown respec-
tively in fig. 5.7 and in fig. 5.8. It has to be noted that GRB 980425 is one of the weakest
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GRBs ever observed, with an energy of the order of ~ 10%® ergs [113]. It is remarkable that
such a good agreement has been obtained by EMBH model with observations over a range
of energies spanning 6 orders of magnitude. Other results on GRB 030329 and GRB 970228
are presented in [9, 24].
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Figure 5.7: a) The light curve computed within the EMBH model in vy-ray (40-700 keV) is
represented for GRB 980425; the horizontal bar represents the peak fluzx in the 40—
700 keV band measured by the GRBM [46]. The horizontal dotted line represents
the noise level of the GRBM detector. b) The light curve computed within the
EMBH model in hard X-rays in the 2-26 keV band with the peak flux and time
duration from WFC [46]. ¢) The light curve computed within the EMBH model
i hard X-rays in the 2-10 keV band with the observational data in the same
band from WFC [87].

The new point in this work is the assumption of the thermal origin of the X and v radiation
of the afterglow in the comoving frame of the pulse. The fit of the data in fig.5.1 gives a
strong support from the observations to this theoretical approach. Going back to the quoted
compactness problem in sect. 2.6, it has to be noted that while in literature relativistic
motion is proposed to increase the opacity and to have an optically thin system because the
observed spectra look like non-thermal, in our case the relativistic motion is a consequence
of the equations of motion and the assumption of black body spectrum is proposed leading
to the result that the observed superposition of even perfect thermal spectra at different
temperature can not be a thermal spectrum. The explanation of this is that even at fixed
arrival time at the detector arrive photons emitted at different times in the laboratory frame
and at different angles with respect to the line of sight; since the temperature evolves, at the
detector arrive photons belonging to different black bodies; this effect is enlarged as the time
goes on because the visible area increases in time [109, 107] and the range of temperature of
photons observed at the same arrival time increases in correspondence [114].

After having obtained this result we were aware that in 1999 Blinnikov et al. [12] have
shown that nonthermally looking GRB spectra can indeed be formed by a superposition of a
set of thermal black body spectra using a temporal power-law evolution of the temperature.
In our treatment not only time but also space integration on the EQTS takes place. This
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Figure 5.8: Time resolved spectra predictions of EMBH model for four points A, B,C, D se-
lected during the prompt phase of GRB 980425 in X and v ranges as received at
the detector, from the assumption of a thermal spectrum in the comoving frame.
The observed spectra are non-thermal ones for the reasons explained in the text.
A wery good agreement with observations [46] is obtained.

effect was explicitly omitted in [12]: in their work they show that a wide variety of non-
thermal observed spectra can be obtained by a time integrated emission of black body
spectra and state that the space integration over the emitting surface gives the same effect
as the time integration, but do not make explicitly the computation; in our approach each
instantaneous spectrum is derived from an infinite set of foliations of events on the EQTS,
each one characterized by a different thermal spectrum in the comoving frame boosted by a
different relativistic transformation obtained from the equation of motion.

We conclude that there is a marked difference (see fig. 5.1) between the bolometric intensity
of the afterglow, with a simple power-law behavior with an index n ~ —1.6 in the decreasing
part, and the actual luminosity in a fixed bandwidth, which can have a complex dependence
on time. Such a complex behavior has been often interpreted in literature as a broken power-
law supporting the existence of jet-like structures in GRBs, but it could be also due to the
paucity of observations which hides the real complex behaviour. The sources for which a
collimated emission is advocated in literature can be explained within EMBH model with
a spherical symmetry. Moreover in the cases of GRB 991216 and GRB 980519, from the
constraint of afterglow observations, we found lower limits on beaming angle which are larger
than the corresponding values given in literature [112].
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6 Observational signatures of an
electromagnetic overcritical
gravitational collapse

In all the previous chapters the plasma of eTe 7y created by vacuum polarization is as-
sumed to be formed in a region surrounding an already formed black hole; in fact when the
gravitational collapse stops in the sense explained in [121] at time ¢, the plasma is extended
over a region which is about one order of magnitude larger than the dyadosphere. At this
stage the plasma is inhomogeneous and the distribution of Lorentz v, number density and
temperature are given in [121]. These distributions can be used as initial data instead of
the slab treated in previous chapters. From time ¢ the distribution of the system is such
that the gravitational effects are negligible; the expansion goes on in vacuum space until
the transparency point is reached. The relevance of this analysis stands in luminosity and
spectral predictions valid for short GRBs, corresponding in EMBH model to the limiting
case B = 0. As shown in fig. 4.7, the amount of baryonic remnant B determines the relative
intensity of P-GRB and afterglow; but in the case B = 0 no energy is transferred to baryons
and the whole energy is emitted at P-GRB in a time scale of ~ 1 sec.

6.1 The expansion of the PEM pulse as a discrete set of
sub-slabs

We discretize the gravitational collapse of a spherically symmetric core of mass M and
charge () by considering a set of spherical shells of plasma of constant thickness in laboratory
frame Ar so that:

1. Ar is assumed to be small with respect to the core radius;

2. Ar is assumed to be large with respect to the mean free path of the particles so that
the statistical description of the eTe™ v plasma can be used:;

3. There is no overlap among the slabs and their union describes the whole process.

We check moreover that the final results are independent of the special value of the chosen
Ar. In order to describe the dynamics of the expanding plasma pulse the energy-momentum
conservation law and the rate equation for the number of pairs in the Reissner-Nordstrgm
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6.2. REACHING OF TRANSPARENCY

geometry external to the collapsing core have to be integrated. We use these equations to
study the expansion of each sub-slab, following closely the treatment developed in [116, 117]
where it was shown how a homogeneous slab of plasma expands as a pair-electromagnetic
pulse (PEM pulse) of constant thickness in the laboratory frame. In the initial phase of
expansion the plasma experiences the strong gravitational field of the core and a fully general
relativistic description of its motion is needed. The plasma is sufficiently hot in this first
phase that the eTe™ pairs and the photons remain at thermal equilibrium in it [120]. At
asymptotically late times the temperature of the plasma drops below the value 0.5 MeV and
the eTe™ pairs and the photons can no longer be considered to be in equilibrium: the full
rate equation for pair annihilation needs to be used. However, the plasma is so far from the
central core that gravitational effects can be neglected. In this new regime, as shown in [116],
we can use Eqs.(3.37, 3.39, 3.67). At variance from our treatment, in [57] an ultrarelativistic
wind of ete™ and photons is considered with constant energy supply from an inner engine
which is not specified. In this paper, solutions to the approximate pair rate equation are
discussed [88] for different values of optical depth and temperature. However we numerically
found the solution to the exact rate equation for pairs as a function of time-evolution of the
plasma, so that the optical depth is computed and the transparency is determined when the
optical depth is one; also prediction of light curve are presented (see sect. 6.2).
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Figure 6.1: Expansion of the plasma created around an overcritical collapsing stellar core
with M = 10My and Q = 0.1v/GM. Left: world lines of the plasma. Right:
Lorentz v factors as a function of the radial coordinate r.

6.2 Reaching of transparency

The equations of the previous two different regimes must be separately integrated and the
solutions must be matched at the transition point. The integration stops when each slab of
plasma reaches the optical transparency condition given by

/ OTNete-dr ~ 1 (6.1)
AR

where op is the Thomson cross-section and the integral extends over the radial thickness
AR of each sub-slab. Since we are considering the limit case of B = 0 the integrand does
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6.2. REACHING OF TRANSPARENCY

not contain baryonic number density np, at variance from Eq.(3.63). The evolution of each
sub-slab occurs without any collision or interaction with the other sub-slabs: we do not find
internal shock; see the Left diagram in fig. 6.1, which represents the world lines of the plasma
as functions of the radius. The outer layers are colder than the inner ones and therefore reach
transparency earlier; see the Right diagram in fig. 6.1, which shows the corresponding Lorentz
v factors as functions of the radius. In fig. 6.1, the solution of integration of constitutive
equations is shown for M = 10M and Q = 0.1v/GM. The overall independence of the result
of the dynamics on the number N of the sub-slabs adopted in the discretization process or
analogously on the value of Ar has also been checked. We have repeated the integration for
N =10, N = 100 reaching analogous results for the expansion and the observed light curve
(see fig. 6.2). The results in fig. 6.1 and in fig. 6.2 correspond to the case N = 10.

In fig. 6.2 we plot both the theoretically predicted luminosity L and the spectral hardness
of the signal reaching a far-away observer as functions of the arrival time t,%. All three of
these quantities depend in an essential way on the cosmological redshift factor z [109]; we
have adopted a cosmological redshift z = 1 for this figure.

KT gps (MeV)

0.75 -
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025
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10%
10%
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Figure 6.2: Predicted observed luminosity and observed spectral hardness of the electromag-
netic signal from the gravitational collapse of a collapsing core with M = 10M),
Q =0.1vVGM at z =1 as functions of the arrival time td at the detector.

As the plasma becomes transparent, gamma ray photons are emitted. The energy hw
of the observed photon is roughly given by hw = kvT'/ (1 + z), where k is the Boltzmann
constant, 7' is the temperature in the comoving frame of the pulse and ~ is the Lorentz
factor of the plasma at the transparency time. The initial zero of time is chosen as the time
when the first photon emitted by the outer sub-shell which becomes transparent earliest is
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6.2. REACHING OF TRANSPARENCY

observed; then the arrival time t¢ of a generic photon at the detector is given by [109]:

t
ta = (14 2) t—i—E—MCOSQ (6.2)
c c

where 7 is the initial position of the slab. The projection of the plot in fig. 6.2 onto the t¢-L
plane gives the total luminosity as the sum of the partial luminosities of the single slabs. The
sudden decrease of the intensity at the time ¢ = 0.040466 s corresponds to the creation of
the separatriz, introduced in [121], defined as the radius R such that the plasma created at
R > R expands to infinity, while the plasma created at R < R is trapped in the gravitational
field of the collapsing core and implodes toward the singularity. We find that the duration of
the electromagnetic signal emitted by the relativistically expanding pulse is given in arrival
time by At ~ 5 x 1072s. The projection of the plot in fig. 6.2 onto the kT, t¢ plane
describes the temporal evolution of the spectral hardness. We observe a precise soft-to-hard
evolution of the spectrum of the gamma ray signal from ~ 10% keV monotonically increasing
to ~ 1 MeV. We recall that kTops >~ kvT'/ (1 + 2).

The above quantities are clearly functions of the cosmological redshift z, of the charge @)
and the mass M of the collapsing core. We present in fig. 6.3 the arrival time interval at
the detector for M ranging from M ~ 10M, to 10°My), keeping Q = 0.1v/GM. The arrival
time interval is very sensitive to the mass of the black hole:

Attt ~ 1072 — 107 's. (6.3)

Similarly the spectral hardness of the signal is sensitive to the ratio Q/v/GM [122]. More-
over the duration, the spectral hardness and luminosity are all sensitive to the cosmological
redshift z [122]. All the above quantities can also be sensitive to a possible baryonic con-
tamination of the plasma due to the remnant of the progenitor star which has undergone
the process of gravitational collapse [117].

a2 ()

10! 102 10°
MMg,n

Figure 6.3: Arrival time duration at the detector of the electromagnetic signal from the grav-
itational collapse of a stellar core with charge Q = 0.1vGM as a function of the
mass M of the core.
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7 Conclusion

The work presented in previous chapters is here summarized. The main feature of the
model is the possibility to build the whole evolution of the emitting pulse, from the progenitor
to the non-relativistic phase. Different is the situation in literature, where mainly piecewise
picture of the phenomenon are presented: either models based on a progenitor satisfying
the requirements of energy budget and of time scale even as brief as fractions of second but
not considering in detail the late time emission in the afterglow phase where the main actor
is a still ultrarelativistically expanding system; or phenomenological models defining initial
conditions for a fireball so far from the progenitor that any gravitational effect is negligible
and such that any assumption on the progenitor becomes not necessary.

Future perspective for the model are the theoretical prediction of the optical and radio
emissions, which in some events turn out as flashes at early time with an intensity comparable
with the X and 7, even if the contribution to the integrated energy in many cases result
below the high energy contribution.

Many long GRBs have been fit in luminosity and spectra by EMBH model, and qualitative
predictions have been computed for short events until now; so a new analysis is opening in
the class of short GRBs.

The study of the association between GRB and Supernova will be improved due to the
interest risen by the events GRB 980425, GRB 030329 and GRB 031203.

The rotation of the progenitor has been neglected for the sake of simplicity and a simple
already formed black hole of Reissner-Nordstrgm has been considered: the predictions ob-
tained for the afterglow should not be affected significantly by this choice. The introduction
of rotation however is expected to bring new features in the early time emission.
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ABSTRACT

GRB 991216 and its relevant data acquired from the BATSE anBdbk& X-Ray Timing Explorer andChandra
satellites are used as a prototypical case to test the theory linking the origin of gamma-ray bursts (GRBSs) to the
process of vacuum polarization occurring during the formation phase of a black hole endowed with electromagnetic
structure. The relative spacetime transformation paradigm is presented. It relates the observed signals of GRBs
to their past light cones, defining the events on the worldline of the source that is essential for the interpretation
of the data. Since GRBs present regimes with unprecedentedly large Lorentz factors, and also sharply varying
with time, particular attention is given to the constitutive equations relating the four time variables: the comoving
time, the laboratory time, the arrival time, and the arrival time at the detector corrected by the cosmological
effects. This paradigm is at the very foundation of any possible interpretation of the data of GRBs.

Subject headings: black hole physics — gamma rays: bursts — supernovae: general

In recent years, a large variety of very accurate experimental For the astrophysical nature of the system originating GRBSs,
data, ranging from gamma rays all the way to the radio band, a binary system of merging neutron stars has been proposed (see,
has been obtained for the afterglows of gamma-ray burstse.g., Eichler et al. 1989; Narayan, Pacgkin & Piran 1992;
(GRBs), following their first discovery by thBeppoSAX sat- MésZaos & Rees 1992a, 1992b). Problems occur (1) in the
ellite (see, e.g., Costa 2001 and references therein). In the thegeneral energetics that cannot exceeix 10° ergs, (2) in
oretical models of GRBs, there are currently three topics U“derexplaining the longer bursts (see Salmonson, Wilson, & Mathews
debate: 2001 and Wilson, Mathews, & Marronetti 1996), and (3) in the

observed location of the GRBs’ sources in star-forming regions

1. The “internal shock model,” introduced by Rees &dde (see Bloom, Kulkarni, & Djorgovski 2000). Alternatively, novel
aros (1994), has many aspects that have been developed bglasses of astrophysical systems have been postulated, including
Paczymski & Xu (1994), Sari & Piran (1997), Fenimore (1999), black hole—white dwarf (Fryer et al. 1999) and black
and Fenimore et al. (1999). The underlying assumption of this hole—neutron star binaries (Patzkn1991; MaZaos & Rees
model is that all the variations of GRBs in the ranife~ 1 ms 1997b) as well as hypernovae (see Pasky998), failed su-
up to the overall duratiof on the order of 50 s are determined pernovae and collapsars (see Woosley 1993 and MacFadyen &
by the “inner engine.” The difficulties of explaining the long Woosley 1999), and supranovae (see Vietri & Stella 1998, 1999).
timescale bursts by a single explosive model have led us to create \We take a somewhat intermediate approach by studying the
a class of models assuming an inner engine with prolongedGRBs emitted by the process of vacuum polarization around
activity (see, e.g., Piran 2001 and references therein). a black hole endowed with electromagnetic structure: the

2. The “external shock model,” also introduced bysd@os  EMBH model. Such a model has the advantage that all of its
& Rees (1993), is less popular today. It relates the GRBs’ light ¢ intermediate theoretical background, starting with the pro-
curves and time variations to interactions of a single, thin blast cess of gravitational collapse itself, has been developed. The

Wavgt\)/_\;@:h Clqtllf]qstirr:. the e;ttl—:‘rtrlhaltrg;adi%rg; r]ci:‘_rehis the distinct 46| can therefore make precise predictions that can be com-
possibility, within this model, that the s'light curves are o with the observations.

tomographic images of the density distribution of the medium : . . .
surrounding the sources of GRBs” (Dermer & Mitman 1999; In order to create a new interpretative paradigm, we consider
see also Dermer, Chiang, & Boher 1999, Dermer 2000, and a "prototypical” GRB case, which we then apply to the ob-

! y ! ! ervations of other GRBs. Since some of the best data, from

references therein). In this case, the structure of the burst doe ATSE' to the Ross X-Ray Timing Explorer (RXTE: Corbet

not come directly from the inner engine. ;
3. In order to decrease the energy requirements of GRBs,& Smith 2000), as well as the remarkable accuracy of the

the effect of beaming has been advocated (see, e.g., Mao gChandra (Piro et al. 2000) satellite, are available for GRB
Yi 1994 and Davies et al. 1994). The possibility of inferring 991216, we use it as our prototype. In addition, (1) it is one
its existence from changes in the power-law index of the af- Of the strongest observed GRBs; (2) it radiates mainly in X-
terglow is generally considered attractive (see, e.gs#des rays and gamma rays, and less than 3% is emitted in optical
& Rees 1997a; Rhoads 1997, 1999°ddaos, Rees, & Wijers ~ and radio bands; and (3) a precise value of the slope of the
1998; Panaitescu, Meaos, & Rees 1998; Dermer & Chiang ©€nergy emission during the afterglow as a function of time,
1999; Sari, Piran, & Halpern 1999; Panaitescu & dd&os

1999; Halpern et al. 2000; Gou et al. 2001). 1 See http://[gammaray.msfc.nasa.gdippen/batserbr.

L107

88



L108 RELATIVE SPACETIME TRANSFORMATIONS IN GRBs Vol. 555

n = —1.64 (Takeshima et al. 1999) and = —1.616+ ted by a pulse moving with velocity in the laboratory frame,
0.067 (Halpern et al. 2000), has been obtained. we have

The EMBH model relates the origin of the energy of GRBs
to the extractable electromagnetic energy of an EMBH (Chris- R,—r R, r
todoulou & Ruffini 1971) via the vacuum polarization process Aty = (to At ) - (t0+ ?) =at--. (4
occurring during the gravitational collapse leading to the for-
mation of an EMBH (Damour & Ruffini 1975). The first step
in this theory is the definition of the dyadosphere (Ruffini 1998;
Preparata, Ruffini, & Xue 1998), which is an extended region
outside the EMBH horizon formed of an optically thick plasma
of electron-positron pairs and radiation whose enegy is
related to the mass = M/M, and the electromagnetic param-
etert = Q/(MVG) of the EMBH by the relation

whereAt, @t) is the time interval in arrival (laboratory) time,
R, is the distance of the observer from the EMBt{, is the
laboratory time corresponding to the gravitational collapse, and
r is the radius of the expanding pulse at the time t, + At

For simplicity, we abbreviate the interval notatiat, At( )
by t, (t). Equation (4) can then be rewritten as

oo, r, ry

where the dyadosphere radiysis the value of (t = 0) . We
consider only the photons emitted along the line of sight since
the spreading due to the angular dependence and to the thick-
ness of the pulse is negligible (C. L. Bianco, R. Ruffini, &
S.-S. Xue 2001, in preparation). Neglectipg , the solution of
equation (5),

wherer, = 1.47 x 10°%4 [1 + (1 — £%)*? is the horizon radius
and r,, = 1.12 x 10° (u¢)"? is the dyadosphere radius; as
usual,M andQ are the mass energy and charge of the EMBH,
andG is the Newton constant of gravity.

The evolution of this pair-electromagnetic (PEM) plasma leads
to the formation of a sharp pulse (the PEM pulse) that very
rapidly reaches a Lorentz factor of2l@nd higher. The subse-
quent interaction of this pulse with the baryonic matter of the t=t—2t—=Zg2— (6)
remnant, left over from the gravitational collapse of the protostar, c 2c
and with the interstellar medium (ISM) leads to the different
eras of the GRBs. It is useful to parameterize the baryonic masss in general highly nonlinear.

Mg of the remnant by introducing the dimensionless parameter If and only if v is constant and = ¢ , can equation (5) be
B: rewritten, neglecting,, , as

)

MgC? = BE,,, %) C—t ( 1 v) a t(1 —vlc)(L+vl)  t
ar - 1+ vlc) 2y2
The confrontation of the theoretical model with the obser-

vational data allows us to estimate the values of the EMBH |t s clear that the knowledge df , which is indeed essential

parameters. It also allows us to probe the density of the baryonictgy any physical interpretation of GRB data, depends on a
material in the remnant, in the ISM, as well as in the stellar gefinjte integral whose integration limits extend from the grav-
distribution within a few parsecs of the EMBH (see Ruffini et jtational collapse to the timé relevant for the observations
al. 2001b, 2001c). _ i  (see eq. [5]). Such an integral i®t generally expressible as
The first step in this process is the establishment of the first5 simple linear relation or even by any explicit analytic relation
set of constitutive equations relating (1) the comoving time of since we are dealing with processes with variable Lorentz fac-
the pulse {), which is the time used to compute the evolution tors of unprecedented magnitude and time variability. Most
of the thermodynamical quantities (density, temperature); (2) thest,dies have adopted an approximation of the kind given in
laboratory timet), which is defined by an inertial reference frame equation (7) (see, e.g., Fenimore, Madras, & Nayakshin 1996).
in which the EMBH is at rest; (3) the arrival timg (), whichis \we instead use equation (5). The adoption of equation (7)
the laboratory time at which light signals from the source reach misses a crucial feature of the GRB process and leads to a
a distant observer at rest in the laboratory frame (the zero of thegpyersion of the spacetime relations in GRBs, with a wide
arrival time has been chosen to coincide with the arrival of the range of consequences: all theoretical computations on the
light signals from the moment of formation of the EMBH); and  power-law indices of the afterglow are affected. Specific illus-
(4) the arrival time at the detectdf/( ), which is the arrival time {rative examples pointing out these differences are shown in
that takes into account the cosmological redshift of the GRB the following paragraphs (see Ruffini et al. 2001a for details).

source. The bookkeeping of the four different times and the corre-
We have sponding space variables must be done carefully in order to
keep the correct causal relation in the time sequence of the

t=t.(1+2, (3) events involved. This will also have important consequences

in the supernova-GRB correlation (see Ruffini et al. 2001c).

wherezis the cosmological redshift of the GRB source (Ruffini  The second set of constitutive equations are the full nonlinear
et al. 2001a; C. L. Bianco, P. Chardonnet, F. Fraschetti, R. relativistic hydrodynamic equations of energy and momentum
Jantzen, R. Ruffini, & S.-S. Xue 2001, in preparation). In the conservation, which are to be solved together with the rate
case of GRB 991216, we have= 1.00 . The mutual relations equation for the* plasma. The computations carried out semi-
of these four times with the radial coordinate in the laboratory analytically in Rome have been validated by the full numerical
frame is the subject of this Letter. We first give emphasis to a computations performed using Wilson's codes at Livermore
basic feature of the arrival time determination. For signals emit- (see Ruffini et al. 1999a, 1999b, 2000, 2001a).
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Fic. 1.—Theoretically computed Lorentz factor for the parameter values  Fig. 2.—Relation between the arrival timgf ( ) measured at the detector and
Eya = 9.57 x 10 ergs andB = 4 x 10°° given as a function of the radial  the laboratory timetf measured by an observer at rest in an inertial frame
coordinate in the laboratory frame. The corresponding values in the comoving that is also at rest with the GRB source. The solid curve is computed using
time, laboratory time, and arrival time are given in Table 1. The different eras, the exact formula given in eq. (5), incorporating as well the cosmological
indicated by roman numerals, are illustrated in the text, while the points 1, 2, effects given in eq. (3), while the dash-dotted curve is the corresponding line
3, 4, and 5 mark the beginning and end of each of these eras. Thefpoint obtained using the approximate formula given in eq. (7), computed with the
marks the maximum of the afterglow flux (see Ruffini et al. 2001b). At point time-varyingy given in Fig. 1. This is the approximation used &y recent
4, the transparency condition is reached. works on GRBs. The difference is very conspicous, if one takes into account

that the diagram is in logarithmic scale, and has basic consequences for the
. o . . astrophysical scenario (see, e.g., Ruffini et al. 2001b, 2001c). We distinguish

We have integrated both sets of constitutive field equations four different phases. In phase A, there is a linear relation betwesdt? .
given in Ruffini et al. (1999a, 1999b, 2000) and Bianco, Ruffini, In phase B, there is an “effective” power-law relation betweendt; (lotted
& Xue (2001) for the source GRB 991216. Correspondingly, Ildne). In phase C, no single analy_t|c formula holds; the_ relation betweenl

can only be analyzed patchwise and has to be directly computed by the

we have obtained the parameter values presented in Ruffini e#;tegration of the complete equations of energy and momentum conservation.

al. (2001b):E,, = 10 ergs anB = 4 x 10° . These values | phase D, as the Lorentz factor approaches 1  , the relation betiveen
correspond to any of the following pairs of values for the andt! asymptotically goes to= t¢ . Details are given in Ruffini et al. (2001a).
EMBH mass and charge-to-mass rafig £) = (22.3,0.1)
(10.0, 0.15), and (5.5, 0.2). thickness of the pulse increases during the expansion, but the
Crucial to any GRB data interpretation is the relation of the Lorentz contraction in the laboratory frame exactly balances this
Lorentz factor to the radial coordinate of the source in the expansion so that, in the laboratory frame, a constant thickness
laboratory frame and the corresponding values of the aboveapproximation can be adopted for the burst (Ruffini et al. 1999a,
four time parameters. In Figure 1, thdactors for the different ~ 1999b). The expansion of the PEM pulse occurs in a region of
eras are given as a function of the radial coordinate of the very low baryonic contamination with densjiy < 10° gcim
source in the laboratory frame. Correspondingly, we present(Ruffini 2001). The final Lorentz factor and spacetime parameters
in Figure 2 the relation between the laboratory time and the are given for point 2 in Table 1.
detector arrival time for the source GRB 991216. The highly  Era Il.—While the PEM pulse is still optically thick, it
nonlinear behavior is obvious, and the different results obtainedreaches the remnants left over by the gravitational collapse of
from the use of equations (6) and (7) are clearly visible. Details the progenitor star. The engulfment of this baryonic material
are given in Ruffini et al. (2001a). induces by conservation of energy and momentum a drastic
In Table 1, for each successive “era” and for one very sig- reduction in they factor (Ruffini et al. 2000). The amount of
nificant event, we give the initial and final values of the Lorentz baryonic matter in the remnant has been fixed by the deter-
factor, the four time parameters mentioned above, as well asmination of parameteB in the fitting of the afterglow data (see
the radial coordinates in the laboratory frame. We then have Ruffini et al. 2001b). Since these data contain important direct
the following: information on the progenitor star, we report in Table 2 some
Era |.—The pair-electromagnetic plasma, initiallysat=1 , specific values of the parameters corresponding to selected val-
expands away from the EMBH horizon and from the dyado- ues of the EMBH masses: they include the radius and thickness
sphere as a pulse (the PEM pulse). In the comoving frame, theof the remnant as well as the density of baryonic matter. The

TABLE 1
LoRENTZ FACTORS FOR SELECTED EVENTS AND THEIR SPACETIME COORDINATES
r T t t, td
Point (cm) (s) (s) (s) (s) %

1...... 1.610x 1¢° 0.0 0.0 0.0 0.0 1.00
2 7.659%x 10° 1.985x 10> 2580 x 10" 1.846 x 10° 3.692 x 10°° 48.38
3. 9.153x 10° 2292 x 102 3.089x 10* 2.780 x 10°° 5.559 x 10°° 11.38
4 ... 9.692x 10 14.23 3.295x 1C° 6.805 x 102 1.361x 10" 239.6
P..... 4.863x 10'° 7.784 x 10° 1.653 x 1¢° 11.86 23.72 160.2
5...... 2.958x 10 1.082 x 1¢° 9.989 x 10° 1.2195 x 10° 2439 x 10° 2.7
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TABLE 2 dominant radiative processes of the internal energy. A variety
BARYONIC MATTER OF THE REMNANT of such processes have been considered in the literature, and
B - - their results within the context of our model are given in Ruffini
M Tas Tshel Agpel 14 . A .

Mg) ¢ (x10cm) (x10cm) (x10°cm) (gcm?d) et al. (2001a). In Figure 1, we show how, during this era, the
23 010 167 836 167 030 Lorentz factor first coasts to a constant value and then rapidly
100 ...... 0.15 1.37 6.86 1.37 0.55 decreases, going from = 239.6 tp = 2.7 . Most Important
55 ....... 0.20 1.17 5.8 117 0.90 is the pointP wherey = 160.2 corresponds to the peak of the

afterglow (see Rulffini et al. 2001b). Beyond this pdhtthe
slope of the afterglow flux, as a function of arrival time, ap-
proaches the power-law index= —1.6 in perfect agreement
results are largely independent of the thicknassf the rem- with the observations dRXTE andChandra (see Ruffini et al.
nants (Ruffini et al. 2000); they depend crucially only on the 2001b). The final Lorentz factor and spacetime parameters are
valueB. The final Lorentz factor and spacetime parameters aregiven for point 5 in Table 1. It is important to emphasize that
given for point 3 in Table 1. this power-law index results from the combination of three

Eralll.—A new pair-electromagnetic-baryonic (PEMB) pulse critical assumptions: (1) the emission occurring in a “fully
is formed that is composed of electron-positron pairs and baryonsradiative” regime, (2) the condition of spherical symmetry, and
and electrons of the remnant material (a PEMB pulse). Since the(3) the constancy of the ISM density. Earlier results relevant
opacity from Thomson scattering consequently increases, theto this treatment can be found in Sari (1997) and in Dermer
process of the self-acceleration of the burst continues to evenet al. (1999) (see, for comparison and contrast, Ruffini et al.
larger values of the Lorentz factor, which may reach values up 2001a).
to 10-1C in some sources (Ruffini et al. 2000). In the present  Era V.—This is the transition to the relativistic and nonre-
case of GRB 991216, the maximum value reached is 239.6. Itlativistic regimes. This era is more complex. It contains two
is remarkable that the constant thickness approximation for thesuccessive suberas, one with a power-law index of the energy
pulse is still valid (Ruffini et al. 1999a, 1999b, 2000). This era emitted in the afterglow as a function of the detector arrival time
ends at point 4 as the condition of transparency is reached. Atn = —1.36 corresponding to a still relativistic eral (1< y <
that point, what we define here as the proper gamma-ray burs2.7), and a final one approaching the pure Newtonian regime,
(P-GRB) is emitted (Ruffini et al. 1999a, 1999b, 2000; Bianco with n = —1.45andy < 1.1. A contrast with existing slopes in
et al. 2001). This definition is assumed in order to distinguish the literature (see, e.g., Vietri 1997) are presented in Ruffini et
the overall GRB phenomena from the specific emission occurringal. (2001a). No data of GRB 991216 are available for checking
as the moment of transparency is reached. The shape, the interthe theoretical predictions of this last era.
sity, and the duration of this P-GRB, also called in the literature  In conclusion, we see from Table 1 and Figure 1 the remark-
the elementary spike (Bianco et al. 2001), strongly depend onable and perfectly reasonable results that a motion of the pulse
the baryonic matter content (C. L. Bianco, R. Ruffini, & S.-S. corresponding to a displacement®692 x 10"  cm will cor-
Xue 2001, in preparation; Ruffini et al. 2001a). The final Lorentz respond to an arrival time interval 4£360x 10™* s, leading
factor and spacetime parameters are given for point 4 into what has been called apparent superluminal behavior. Simi-
Table 1. larly, on a larger scale, a displacement of the pulse by

These first three eras have no counterparts in earlier model2.958 x 10" cm will correspond to an increment &439x
since no detailed description of the early phases of GRB hasl10® s in arrival time, leading again to apparently superluminal
been attempted. behavior.

Era IV.—The accelerated baryonic matter (ABM) expands  From the above results, we are ready to express the relative
still as a constant thickness pulse (the ABM pulse) at ultra- spacetime transformation (RSTT) paradigm: the necessary con-
relativistic velocities and engulfs baryons and electrons from dition for interpreting the GRB data, given in terms of the
the ISM, which is assumed to have a constant number densityarrival time at the detector, is the knowledge of thaire
N, Of 1 proton cm?®. We have assumed that all the internal worldline of the source from the gravitational collapse. In order
energy made available by the relativistic conservation of energyto meet this condition, given a proper theoretical description
and momentum is radiated away in the afterglow, mainly in and the correct constitutive equations, it is sufficient to know
gamma rays<90%) and X-rays+£10%) and a few percentin  the energy of the dyadosphere and the mass of the remnant of
the optical and radio emission (see Halpern et al. 2000). Wethe progenitor star (see Ruffini et al. 2001b). The application
have used the “fully radiative case” condition (see, e.g., Piran of this RSTT paradigm will have important consequences for
1999), considering only the leading contribution of the head- the interpretation of the burst structure (IBS), leading to a new
on flux. We have neglected the spreading due to off-axis emis-paradigm (the IBS paradigm; see Ruffini et al. 2001b), as well
sion considered, e.g., in Fenimore et al. (1999) and have givenas for the GRB-supernova correlation (Ruffini et al. 2001c).
physical reasons for neglecting such contributions (Ruffini et
al. 2001a). At any specific time, the total flux, and consequently
the bolometric luminosity of the afterglow, is fixed by the above ~ We thank three anonymous referees for their remarks, which
requirements. The detailed spectral distribution depends on thehave improved the presentation of this Letter.

21n the laboratory frame.
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ABSTRACT

Given the very accurate data from the BATSE and Roesi X-Ray Timing Explorer and Chandra satellites,

we use GRB 991216 as a prototypical case to test the theory that links the origin of the energy of gamma-ray
bursts (GRBs) to the extractable energy of electromagnetic black holes (EMBHSs). The fit of the afterglow fixes
the only two free parameters of the model and leads to a new paradigm for the interpretation of the burst structure
(the IBS paradigm). It leads as well to a reconsideration of the relative roles of the afterglow and burst in GRBs
by defining two new phases in this complex phenomenon: (1) the injector phase, giving rise to the proper GRB,
and (2) the beam-target phase, giving rise to the extended afterglow peak emission and to the afterglow. Such
differentiation leads to a natural possible explanation of the bimodal distribution of GRBs observed by BATSE.
The agreement with the observational data in regions extending from the horizon of the EMBH all the way out
to the distant observer confirms the uniqueness of the model.

Subject headings: black hole physics — gamma rays: bursts — supernovae: general

The most decisive tool in the identification of the energetics andQ are the mass energy and charge of the EMBH @rid
of gamma-ray bursts (GRBs) has been the discovery byNewton’s gravitational constant. These two quantities are re-
BeppoSAX of the afterglow phenomenon. In this Letter, we lated to the total energy of the dyadosphekg,J through the
show how the afterglow data can be fitted using the theory thatEMBH mass-energy formula (Christodoulou & Ruffini 1971,
relates the GRB energy to the extraction process of the elec-Preparata et al. 1998) as follows:
tromagnetic energy of a black hole endowed with electromag-

re
-

netic structure (the EMBH model). This energy extraction pro- Q? (1 r+)
wherer, = 1.47 x 10%[1 + (1 — £2)*3 is the horizon radius

cess occurs via vacuum polarization pair creation and Eaya = or.
approaches almost perfect reversibility in the sense of black N
hole physics (Christodoulou & Ruffini 1971; Damour & Ruffini

andr,, = 1.12 x 10% (u¢)*? is the dyadosphere radius. This
energy is the source of the burdf () and afterglow E,;)
energies

Ty

1975; Preparata, Ruffini, & Xue 1998).

In addition to yielding excellent agreement between the the-
ory and the data, a new paradigm will be introduced here for
the interpretation of the burst structure that we call the IBS
paradigm. Because of the unique accuracy of its data, we use
GRB 991216 as a prototype for a description that may then be Bova = Eourst™ Ean @
generalized to other GRBs. The relevant data for GRB 991216 o )
are reproduced in Figure 1, namely, the data on the burst as The only remaining free parameters describe the amount and
recorded by BATSEand the data on the afterglow from the location of the baryonic matter left over in the collapse process
Ross X-Ray Timing Explorer (RXTE; Corbet & Smith 2000)  ©f the precursor star of initial radius10" cm that forms the
and Chandra satellites (Piro et al. 2000; see also Halpern et EMBH (see Ruffini et al. 2000). The amount of baryonic matter
al. 2000). We have modeled the afterglow by assuming that,Can be parameterized by the dimensionless parangeter

after reaching transparency, the ultrahigh-energy baryons (theMe€”)/Ewa AS discussed in Ruffini et al. (2001c), the results
accelerated baryonic matter [ABM] pulse of Ruffini et al. are quite insensitive to the actual density of the baryonic com-

2001c), accelerated in the pair-electromagnetic-baryonicp?n?nzt'ogg; they are very sensitive to the valueBRuffini
(PEMB) pulse following a black hole collapse process (see etal )

. : . ; . In Figure 2, we present some of the results of fitting the data
Ruffini et al. .2001C)' interact with the mterstellar_ medium from theRXTE andChandra satellites; these results correspond
(ISM), which is assumed to have an average densityof 1

roton cm®. All of the internal energy that developed in the to an EMBH mass of 22.81, _and are for selected values of
proton cm*. . 9y thal . ped in t . the parameters andB. The main conclusions from our model
collision is assumed to be radiated away in a “fully radiative ;
) > are as follows:
regime (Bianco et al. 2001a).

In our model, there are only two free parameters character- 1. The slope of the afterglow,= —1.6 , is ratherinsensitive
izing the EMBH: the masd in units of sola; massu( = to the values of the parameteis £, andB and is in perfect
M/Mg) and the charge-to-mass ratio= Q/(MVG) , whéfe agreement with the observational data. The physical reason for

this universality of the slope is essentially related to the ul-

! See http://gammaray.msfc.nasa.gaippen/batserbr. trarelativistic energy of the baryons in the ABM pulse, the
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the afterglow from botfRXTE and Chandra (the last point after 10s) given as a function of the detector arrival time (reproduced from Halpern et al. 2000).
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Fi6. 2.—(a) Afterglow luminosity computed for an EMBH of 2214, and
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assumption of a constant average density in the ISM, the fully
radiative conditions leading predominantly to the X-ray emis-
sion, as well as all the different relativistic effects presented
in the relative spacetime transformation (RSTT) paradigm (for
details, see Ruffini et al. 2001b).

2. The afterglow fit does not depend on all three parameters
u, £ and B but only on the combinationg,,, and B. Thus,
there is a one-parameter family of values of the pair£}
allowed by a given viable value d&,,..

3. It is clear from studying both the profiles and the time
dependence of the afterglow that by suitably modifying the
values ofB and{, the average flux of the main burst observed
by BATSE can also be fitted by the afterglow curve, up to the
degeneracy irfu, £) , leading to (see Fig. 3)

Eya = 9.57 x 10°? ergs, B = 4 x 102, ?3)

dya

The peak of the average afterglow emission occurs at
~23.7 s, and its intensity and timescale are in excellent agree-
ment with the BATSE observations, which is an important
result (see also Ruffini et al. 2001a). In addition to the BATSE
data, there is clearly also perfect agreement with the decaying
part of the afterglow data from thBXTE and Chandra sat-
ellites. Itis clear that such an extended afterglow peak emission
(E-APE) isnot a burst, but it is seen as such by BATSE because
of the background noise level in this observation (see also
Ruffini et al. 2001a). Thus, the long-standing unsolved problem
of explaining the long GRBs (see, e.g., Wilson, Mathews, &
Marronetti 1996; Salmonson, Wilson, & Mathews 2001; Piran
2001) is radically resolved. After we fix the free parameters of
the EMBH theory, modulo the mass-charge relationship that
fixes E,,,, all other features of the observations must be ex-
plained by the theory.

A natural question can be asked: Where does one find the
burst that is emitted when the condition of transparency against
Thomson scattering is reached? We refer to this as the proper
gamma-ray burst (P-GRB) in order to distinguish it from the
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Fic. 3.—Best fit of the afterglow data @@handra and RXTE as well as of
the range of variability of the BATSE data on the major burst by a unique
afterglow curve leading to the parameter valigg = 9.57 x 10° ergs and
B = 4 x 1072 The horizontal dotted line indicates the background noise of
this observation. On the left axis, the luminosity is given in units of the energy
emitted at the source, while the right axis gives the flux as received by the
detectors.

global GRB phenomena (see Ruffini et al. 2001c and Bianco,
Ruffini, & Xue 2001b). Ruffini et al. (2000) show that, for a
fixed value ofg, ,, a value ofB uniquely determines the energy
of the P-GRB, which we indicate bk,,., and the energy of
the afterglowE,, (see Fig. 4). For the particular values of the
parameters given in equation (3), we then predict that

E

burst -

—='=1.45x% 102

Edya

Epuree = 1.39 x 10°* ergs; (4)
Eua = 9.57 x 10% ergs.

Is there any evidence of such a signal in the BATSE data?
From the RSTT paradigm presented in Ruffini et al. (2001c),

0
1e-008 1e-007 1e-006 1e-005 0.0001 0.001 0.01 0.1

B

Fic. 4.—Relative intensities of the afterglowdashed line) and the P-GRB
(solid line), as predicted by the EMBH model corresponding to the values of
the parameters determined in Fig. 3, as a functioi.oDetails are given in
(Bianco et al. 2001a). The vertical line corresponds to the v8ue 4 x
102

electron-positron pairs and photons in the dyadosphere for
given values of the parameters can be easily computed follow-
ing the work of Preparata et al. (1998). We obt@in= 1.95
and T = 29.4 MeV, respectively, in the two approximations
that we have used (Bianco et al. 2001a): for a gifgp, we
have assumed either a constant average energy density over
the entire dyadosphere volume or a more compact configuration
with an energy density equal to the peak value. It is then
possible to follow, in the laboratory frame, the time evolution
of the temperature of the electron-positron pairs and photons
through the different eras presented in Ruffini et al. 2001c (see
Fig. 5). The condition of transparency is reached at tempera-
tures in the range 0f15-55 keV at the detector, in agreement
with the BATSE results.

Regarding the E-APE, all of the above considerations refer
to the smoothed average emission. It is interesting to note that
the detailed structure of the E-APE observed by BATSE can

we can retrace such a P-GRB by reading off the time parameters

of point 4 in Figure 1 from Table 1, both of which are found in
Ruffini et al. (2001c). The transparency is reached at 14.23 s in
comoving time, at a radial coordinate= 9.692 x 10 cmin
the laboratory frame and 4t361x 10* s in arrival time at
the detector. All this, namely, the energy predicted in equation
(4) for the intensity of the burst and its time of arrival, leads to
the unequivocal identification of the P-GRB with the apparently
inconspicuous initial burst in the BATSE data. We have estimated
the ratio of the first peak (the P-GRB) to the E-APE over the
background noise level of the BATSE data to-k0 2, in very
good agreement with the first entry in equation (4).

In summary, the observational data agree with the predic-

tions of the model on (1) the intensity ratib.45 x 102 , be-
tween the P-GRB and the E-APE, which strongly depends on
the parameteB; (2) the absolute intensity df.39 x 10°* and
9.43 x 10°2 ergs for the P-GRB and the E-APE, respectively,
which depends oi,,, and (3) the arrival time of 1.36%
10" and 23.7 s for the P-GRB and the peak of the E-APE,
respectively. Without the introduction of any new parameter,
the model offers additional information on the detailed structure
of both the P-GRB and the E-APE.

Regarding the P-GRB spectrum, the initial energy of the
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Fic. 5.—Temperature of the pulse in the laboratory frame for the first three
eras of Fig. 1 of Ruffini et al. (2001c) given as a function of the laboratory
time. The numbers 1, 2, 3, and 4 represent the beginning and end of each era.
The two curves refer to two extreme approximations adopted in the description
of the dyadosphere. Details are given in Ruffini et al. (2000) and Bianco et
al. (2001a).
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also be reproduced in the model in terms of relativistic effects ble 1)r = 10**~10"" cm from the EMBH, information on the
and deviations from the average value of the ISM density due ISM, p = 102* g cm®, and on the surrounding additional
to inhomogeneities (Ruffini et al. 2001a, 2001b; R. Ruffini, C. astrophysical systems can be inferred from the E-APE and from
Cherubini, L. Vitagliano, & S.-S. Xue 2001, in preparation). the afterglow (see Ruffini et al. 2001a, 2001b, 2001d).

We can now proceed to the formulation of the IBS paradigm: 2. At a distancer = 10'° cm, where =1 g cf(see
in GRBs, we can distinguish aimjector phase and abeam- Ruffini et al. 2001c, Table 2), we can evaluate the percentage
target phase. The injector phase includes the process of the of mass of the progenitor star left in the remnant by the process
gravitational collapse of a progenitor star into an EMBH, the of gravitational collapse. In fact, we have (see Bianco et al.
formation of the dyadosphere and the associated phenomen2001a)
of vacuum polarization, as well as the different eras presented
in Ruffini et al. (2001c): era | corresponds to the pair-electro-
magnetic pulse, era Il to the engulfment of the baryonic matter
of the remnant, and era lll to the PEMB pulse. The injector
phase terminates at the point where the plasma transparencypich in the case of GRB 991216, implies that up to 99.9%
condition is reached and the P-GRB is emitted. The beam- ¢ the matter of the progenitor star collapses into the EMBH.
target phase addresses the interaction of the ABM pulse g jngicates that the gravitational collapse into a black hole
namely, the beam generated during the injection phase, withgiters markedly from the corresponding process occurring in
the ISM as the target. It gives rise to the E-APE and the de- y,o formation of neutron stars (Bianco et al. 2001a).
caying part of the afterglo_v_v. - . 3. Atr <r, = 10® cm the electrodynamical constraints im-
_ We advance the possibility, to be verified on the basis of the v that;' < 10-° g cm’®, thus avoiding baryonic contamination
time variabilities and spectral information mentioned above jy'ihe gyadosphere. This condition can be easily satisfied during
(Bianco et al. 2001b; R. Ruffini, C. Cherubini, L. Vitagliano, e gravitational collapse into an EMBH as the horizon is ap-
L., &S.-S. Xue 2001, in preparation), that the P-GRBS coincide roached. The details of such a process, with all its general
with the class of short eventsZ s) discovered in the bimodal o aivistic effects, can be followed through the structure of the

distribution of GRBs in the BATSE catalog (Kouveliotou et p_gRrB (R. Ruffini. C. Cherubini. L. Vitagliano. & S.-S. Xue
al. 1993), while the E-APEs coincide with the class of longer 5501 in(p'repgrz;tilty)n): Hoinl, & Vitaghiano, >

events $2 s).

It is interesting to note that, even in this very energetic case The IBS paradigm that we have introduced is common to a
of GRB 991216, the general energetic requirement can be easilynumber of models based on a single process of gravitational
fulfilled by an EMBH withM = 22.3M_ and¢ = 0.1. No  collapse, leading to GRBs. The uniqueness of the EMBH model
beaming is needed, and no evidence of beaming is obtainedesides (1) in the energetics (Ruffini 1998), (2) in the time
by the fitting of the theory and the observational data, contrary structure of the P-GRB (R. Ruffini, C. Cherubini, L. Vitagliano,
to views expressed by, e.g., Halpern et al. (2000). See Ruffini& S.-S. Xue 2001, in preparation; R. Ruffini, L. Vitagliano, &
et al. (2001b) for details. Xue, S.-S. 2001, in preparation), and (3) in the spectral infor-

As the EMBH model is confirmed by additional sources, the mation of the P-GRB (Bianco et al. 2001a).

GRBs will be used to scan the regions around the newly formed ~ The fact that the model is testable from the ISM all the way
EMBHSs, to infer their physical and astrophysical composition down to the horizon of the EMBH offers an unprecedented
as well as to acquire information on the process of gravitational tool for proving its uniqueness, confirming that we are wit-
collapse leading to the EMBH and on the astrophysical struc- nessing the formation of EMBHs and the extraction of their
tures in the high-redshift universe. The first clear intuition of electromagnetic energy through the resulting GRBs. The in-
such a possibility has been expressed by Dermer & Mitman trinsic simplicity of the EMBH model of GRBs, which is shown
(1999). We will give a first application of such a “tomographic” here to depend on only two parameters, offers an unique op-
imaging technique in Ruffini et al. (2001d). portunity to use GRBs as “standard candles” in cosmology.

We conclude as follows:

1
MBC2 = BEdya = Z BEZCZM BH» (5)

We thank three anonymous referees for their remarks, which
1. In the range of distances (see Ruffini et al. 2001c, Ta- have improved the presentation of this Letter.
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ABSTRACT

The data from theChandra satellite on the iron emission lines in the afterglow of GRB 991216 are used to
give further support to the theory that links the origin of the energy of gamma-ray bursts (GRBs) to the extractable
energy of electromagnetic black holes (EMBHSs), leading to an interpretation of the GRB-supernova correlation.
Following the relative spacetime transformation paradigm and the interpretation of the burst structure paradigm,
we introduce a paradigm for the correlation between GRBs and supernovae. The following sequence of events
is shown as kinematically possible and consistent with the available data: (1) the GRB-progeniBr star  first
collapses into an EMBH; (2) the proper GRB and the peak of the afterglow (the extended afterglow peak emission)
propagate in interstellar space until the impact on a supernova-progenitdy star at a di@#®ce 10 cm,
and they induce the supernova explosion; and (3) the accelerated baryonic matter pulse, originating the afterglow,
reaches the supernova remnants 18.5 hr after the supernova explosion and gives rise to the iron emission lines.
Some considerations of the dynamical implementation of the paradigm are presented. The concept of an induced
supernova explosion, introduced here specifically for the GRB-supernova correlation, may have a more general
application in relativistic astrophysics.

Subject headings: black hole physics — gamma rays: bursts — supernovae: general

We have seen in the previous two Letters how the fit of the (2000). Such an association has been assumed to indicate that
data from theRossi X-Ray Timing Explorer (Corbet & Smith GRBs are generated by supernovae explosions (see, e.g., Kul-
2000) andChandra (Piro et al. 2000) satellites on the afterglow karni et al. 1998).
of GRB 991216 offers a tool for determining the only two free ~ We propose that, if relativistic effects are properly taken into
parameters of the electromagnetic black hole (EMBH) theory. account, then an alternative, kinematically viable explanation
This theory links the energy source of gamma-ray bursts can be given of the supernova-GRB association. We again use
(GRBs) to the electromagnetic mass energy of black holesGRB 991216 as a prototypical case. The same theoretical con-
(Christodoulou & Ruffini 1971). We have also seen how this siderations have also been applied to other cases, including
theory has consequences for the interpretation of the structureGRB 980425 and SN 1998BW (R. Ruffini, C. L. Bianco, P.
of GRBs (the interpretation of the burst structure [IBS] para- Chardonnet, F. Fraschetti, & S.-S. Xue 2001, in preparation).
digm; see Ruffini et al. 2001d). The same analysis also yields We focus on the detailed kinematical description of this
information about the density and overall distribution of the GRB-supernova time-sequence process and outline a possible
baryonic matter in the remnant left over from the gravitational dynamical scenario. We introduce a process by which a massive
collapse of the GRB-progenitor star into an EMBH (see Ruffini GRB-progenitor sta, of ma$d, undergoes gravitational col-
et al. 2001c, 2001d; see also R. Ruffini, C. Cherubini, & L. lapse into an EMBH. During this process, a dyadosphere is
Vitagliano, & S.-S. Xue 2001, in preparation). Similarly, it formed, and subsequently the proper gamma-ray burst (P-GRB)
allows one to probe the density distribution of the interstellar and the extended afterglow peak emission (E-APE) of Ruffini
matter around the newly formed EMBH (see, e.g., Ruffini 2001 et al. (2001d) are generated in sequence (see also Ruffini et al.
and Ruffini et al. 2001a). 2001c). They propagate and impact, with their photon and neu-

The aim of this Letter is to point out that the data on the trino components, on a second supernova-progenitoPstar  of
iron lines of GRB 991216 from th€handra satellite (Piro et massM, . Assuming that both stars were generated approxi-
al. 2000) and similar observations from other sources (Piro etmately at the same time, we expect to hawe<M, . For a
al. 1999, 2000; Amati et al. 2000) make it possible to extend wide range of parameters, such a collision will not affect the
this analysis to a larger distance scale, possibly all the way outstar M, (P. Chardonnet & R. Ruffini 2001, in preparation).
to a few light years, and consequently probe the distribution Under some special conditions of the thermonuclear evolution
of stars in the surroundings of the newly formed EMBH. These of the supernova-progenitor stgr , the collision daduce a
considerations lead to a new paradigm for the interpretation of supernova explosion.
the supernova-GRB correlation. We assume that the stBr s close to the line of sight of the

That indeed a correlation between the occurrence of GRBSEMBH. We will see in the following that this gives an upper
and supernova events exists has been established by the workmit to the distanceD,, = 2.69 x 10" cm of the supernova-
of Bloom et al. (1999), Galama et al. (1998a, 1998b, 2000), progenitor stal’, from the EMBH. The location of the star
Kulkarni et al. (1998), Piro et al. (1998), Pian et al. (1999), B, will then be constrained between the transparency point of
Reichart (1999), and van Paradijs, Kouveliotou, & Wijers the P-GRB,9.692x 10" cm (see Ruffini et al. 2001c), and
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from the cosmological flow. The iron lines have a width of
0.23 keV consistent with a radial velocity field of 6.1

From the theoretical slope of the afterglow, presented in
Ruffini et al. (2001d), we see that the flux of the afterglow
observed byChandrais in excellent agreement with the general

7 , afterglow slopes. Clearly, the iron lines are only a small fraction
of the observed flux.

We assume that the laboratory frame is an inertial system
of reference in which both staPs aRd are at rest. A second
asymptotic inertial reference frame is assumed in which the
detector is at rest. Therefore, a detector arrival tifne  is defined
that is related to the laboratory tinteoy

rt)
=g

wherezis the cosmological redshift, which, in the case of GRB
991216, is equal t@ = 1.0 , and(t) is the radius of the
expanding pulse at laboratory tinhe

To explain the above observations, we propose that the ex-
pansion of the accelerated baryonic matter (ABM; see Ruffini
et al. 2001c), relativistically expanding away from a newly
formed EMBH, reaches’, with a delay in arrival time of
18.5 hr (the details of the computation are given in Bianco et
al. 2001a). The associated afterglow then illuminates the ex-
panding supernova shell, producing the observed iron emission
lines. TheChandra satellite observations then offer the first data
on such an induced supernova explosion (Piro et al. 2000).

On the basis of the explicit computations of the different

eras presented in Ruffini et al. (2001c), we make three key
Fic. 1.—Qualitative simplified spacetime diagram (in arbitrary units) illus- points:
trating the GSTS paradigm. The EMBH, originating from the gravitational
collapse of a massive GRB-progenitor sRyr , and the massive supernova- 1. An arrival time of 37 hr in the detector frame corresponds
PD’OQe““OF stap, “newtron st tz( 'ms)lszme’t“v Sefpara‘edTﬁy_a radligl'_diS‘a”Ceto a radial distance from the EMBH traveled by the ABM pulse
5, are assumed to be at rest in the laboratory frame. Their worldlines are 17 f .
represented by two parallel vertical lines. The su);aernova shell, movingat 0.1 of 2.69 x 10" cm in the laboratory frame (see Ruffini et al.
and generated by the, -NS transition, is represented by the dotted line cone2001c).
The solid line represents the motion of the pulse, as if it would move withan 2. It is likely that a few stars are present within that radius
effective Lorentz factor, = 110.0 during the eras reaching the condition of g5 members of a cluster. It has become evident from obser-

transparency. Similarly, the effective Lorentz factgr=5.82  applies during : . : :
era IV up to the collision with th®, -NS system. An effective Lorentz factor vations of dense clusters of star-forming regions that a stellar

7, <2 occurs during era V after the collision as the nonrelativistic regime of 2verage density of typically 2@pc™® (Beck, Turner, & Kovo
expansion is reached (see Ruffini et al. 2001b). The dashed line$ e2p5 2000) should be expected. There is also the distinct possibility

resent signals propagating at the speed of light. for this case and other systems that the sRrs Rnd are
members of a detached binary system.

3. The possible observations at different wavelengths (R.
Ruffini, C. L. Bianco, P. Chardonnet, F. Fraschetti, & S.-S.

t'=0L+2t,=(1+2

\ 4

the above upper limit, and will be a function of the angle
SEl,Jv?éeFTd.T.ﬂ ebﬁégfg@nemgrniﬂmningeﬁfsﬁg b)’/ ?ﬁ eseeeRanric;]n:rfEeXue 2001, in preparation) crucially depend on the relative in-
collision with the star is in the range of P910° ergs (R. tensities between the GRB and the supernova as well as on the

Ruffini, C. L. Bianco, P. Chardonnet, F. Fraschetti, & S.-S. value of the distance and the redshift of the source.

Xue 2001, in preparation). ) In order to reach an intuitive understanding of these complex
Especially relevant to our model are the following data from computations, we present a very simplified schematic diagram
the Chandra satellite (see Piro et al. 2000): (not to scale) in Figure 1. We now describe the specific data

1. At the arrival time of 37 hr after the initial burst, there of this GRB-supernova time-sequence (GSTS) paradigm:

is evidence of iron emission lines for GRB 991216. 1. The two starsB and>, are separated by a distance
2. The emission lines are present during the entire obser-D,, = 2.69 x 10" cm in the laboratory frame (see Fig. 1). Both
vation period of 10s. The iron lines could also have been stars are at rest in the inertial laboratory frame. At laboratory
produced earlier, befor€handra was observing. Thus, the timet = 0 and at comoving time = 0 , the gravitational col-
times used in these calculations are not unique: they do servdapse of the GRB-progenitor stBr  occurs. The initial emission
to provide an example of the scenario. of gravitational radiation or a neutrino burst from the event then
3. The emission lines appear to have a peak at an energysynchronizes the arrival timés= 0 for the supernova-progen-
of 3.49+ 0.06 keV that, at a redshifz = 1.00+ 0.02 , cor- itor starP, andt? = 0 for the distant observer at rest with the
responds to a hydrogen-like iron line at 6.97 keV at rest. This detector. The electromagnetic radiation emitted by the gravita-
source does not appear to have any significant motion departingional collapse process is instead practically zero, by comparison,
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because of the optical thickness of the material at this stage
(Bianco, Ruffini, & Xue 2001b).

2. From the determination of the parameters obtained in
Ruffini et al. (2001d) and the computations in Ruffini et al.
(1999a, 1999h, 2000) at laboratory tihe= 3.295x 10° S
and at a distance from the EMBH &f, = 9.692x 10" cm,
the condition of transparency for the pair-electromagnetic-
baryon (PEMB) pulse is reached, and the P-GRB is emitted
(see Fig. 1 and Ruffini et al. 2001c, 2001d). This time is re-
corded in the arrival time at the detectgr= 0.1361 s and,
atR, att, = 6.805x 107 s.

The fact that the PEMB pulse in an arrival time of 0.1361
s covers a distance 8f692 x 10'* cm gives rise to an apparent
superluminal effect. In order to clarify this apparent inconsis-
tency, we have introduced, from the computed valugs of and
tadl, an “effective” Lorentz factor

v
2t

1.6e+007

1.4e+007

1.2e+4007

164007

B8e+006

Laboratory time (1) (s)

B6e+006

PZ

4e+006

20+006

o

L X L 1
1e+017  1.5e+017 2e+017 2.5e+017 3e+017 3.5e+017 4e+017
Radial cocrdinate (r) (cm)

L
0 5e+016

Fic. 2.—The spatial radial coordinates of the P-GRB and the peak of the
afterglow radiation flux (represented by a single dotted line in this approxi-
mation), and of the pulse (represented by the solid line), as computed through
the different eras presented in Ruffini et al. (2001c), using the results of Ruffini

v = (2

which givesy, = 110.0. Then we can straightforwardly explain
the difference between the two times gs= t/ (2y?) (see
Fig. 1).

This introduction of an effective Lorentz factor has no pre-
dictive power; it can only be introduced a posteriori as an heu-

et al. (1999a, 2000) and Bianco et al. (2001a), are given as a function of the
time in the laboratory frame. The vertical dotted line corresponds to the radial
position of the supernova-progenitor massive &am,,,= 2.69 x 10" cm,
which undergoes a supernova explosion after the collision with the P-GRB
and the peak of the afterglow. The delay between the arrival time of the P-
GRB, traveling at the speed of light, and the pulse, traveling with a Lorentz

ristic tool in order to draw the qualitative diagram in Figure 1. factory = 3.38 (see Ruffini et al. 2001c) at the moment of collision with the
In practice, the entire integration of the equations must be ac-supernova-progenitor st&, ,is = 18.5 hr, namely,= 37  hr.
complished by taking into account all changes of the time-var-

ying Lorentz factors and the corresponding space and time var-Ryfini et al. (2001c). The ABM pulse will have travelled in
iables throughout each era (for details, see Bianco et al. 20018ne |apboratory frame a distand®,, — D, = D,, = 2.69 x

and Ruffini et al. 2001b). . 10' cm in a laboratory timé, —t, =t, = 9.02x 10° s (ne-
3. At laboratory timet = 1.653 x 10° s and at a distance glecting the supernova expansion).

from the EMBH 0f4.863 x 10'° cm in the laboratory frame, ~ Thjs again gives rise to an apparent superluminal effect that
the peak of the E-APE is reached that is recorded at the arrivalcan pe interpreted heuristically, as in point 2, as a relativistic
timet, = 11.86s atR, and; = 23.72 s at the detector. This motion of the ABM pulse with an effective Lorentz factor of
also gives rise to an apparent superluminal effect that can alsoy2 ~ 5.82(see Fig. 1). The era IV extends from the point of
be explained by following the same arguments given above in transparency (point 4 in Fig. 1 of Ruffini et al. 2001c) all the
point 2. This event has not been represented in Figure 1 S0 agyay to the collision of the pulse with the supernova shell, which
not to confuse the image. occurs aty = 3.38. By this time, the supernova shell has

4. At a distanceé,, = 2.69 x 10" cm, the two bursts de- reached a dimension 4997 x 10** cm, which is consistent
scribed in the above points 2 and 3 collide with the supernova- yith the observations from th€handra satellite.
d

progenitor star?, at arrival timeg, = 6.805x 107 s an
t, = 11.86s, respectively. They can then induce the supernova In the above considerations of GRB 991216, the supernova
explosion of the massive st& remnant has been assumed to be close to, but not exactly along,
5. The associated supernova shell expands with velocitythe line of sight extending from the EMBH to the distant ob-
0.1c. server. However, such a case should exist for other GRBs and
6. The expanding supernova shell is reached by the ABM would lead to an observation of iron absorption lines as well as
pulse generating the afterglow with a delaytgf= 18.5  hrin to an increase in the radiation observed in the afterglow corre-
arrival time following the arrival of the P-GRB and the E-APE. sponding to the crossing of the supernova shell by the ABM
This time delay coincides with the interval of laboratory time pulse. In fact, as the ABM pulse engulfs the baryonic matter of
separating the two events since e s at rest in the inertialthe remnant, above and beyond the normal interstellar medium
laboratory frame (see Fig. 2). baryonic matter, the conservation of energy and momentum im-
Again, as explained above in point 2, this time delay can be plies that a larger amount of internal energy is available and
interpreted a posteriori by introducing (Bianco et al. 2001a) an radiated in the process (Ruffini et al. 2001a). This increased
effective Lorentz factor defined by energy momentum loss will generally affect the slope of the
afterglow decay, approaching more rapidly a nonrelativistic ex-
pansion phase (details are give in Ruffini et al. 2001b).
If we now turn to the possibility of dynamically imple-
menting the scenario, there are at least three different possi-
bilities:

®)

which givesy = 8.21. Then we can heuristically visualize the

time delay ag = D,/ (2cy®) . Clearly, the results presented 1. Particularly attractive is the possibility that a massive star

in Figure 2 do follow the complete integration of the equations B, has rapidly evolved during its thermonuclear evolution to a

of motion of the system through each different era defined in white dwarf (see, e.g., Chandrasekhar 1978). Itis then sufficient
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that the P-GRB and the E-APE implode the star sufficiently neous nuclear-burning process, with corresponding changes in
so as to reach a central density above the critical density forthe chemical composition of the star, leading to the collapse.
the ignition of thermonuclear burning. Consequently, the ex-  The GSTS paradigm has been applied to the case of the
plosion of the staR, occurs, and a significant fraction of a correlation between SN 1998bw and GRB 980425, which, with
solar mass of iron is generated. These configurations are cura redshift of 0.0083, is one of the closest and weakest GRBs
rently generally considered precursors of some Type | super-observed. In this case, the EMBH appears to have a signifi-
novae (see, e.g., Filippenko 1997 and references therein).  cantly lower value of the parametér but the validity of the

2. Alternatively, the massive stey  could have evolved into GSTS paradigm presented here is fully confirmed (R. Ruffini,
a condition where it was close to the point of gravitational C. L. Bianco, P. Chardonnet, F. Fraschetti, & S.-S. Xue 2001,
collapse, having developed the formation of an iron-silicon in preparation). ]
core, Type Il supernova. The above transfer of energy mo- The GSTS paradigm and the concepiruced supernova
mentum from the P-GRB and the E-APE may enhance the explosion, which we have |ntr0duced for the collapse into an
capture of the electrons on the iron nuclei and consequentlyEMBH, may also play a role in the case of a collapse of a

decrease the Fermi energy of the core, leading to the onset ofVhite dwarf core into a neutron star in a binary system. It may
gravitational instability (see, e.g., Bethe 1991, p. 270). Since solve the long-standing problem O.f the approximate equality
the time for the final evolution of a massive star with an iron- of neutron star masses observed in some binary pulsars (see,

silicon core is short, this event will perhaps require an unlikely e.g., Taylor & Weisberg 1989).
coincidence. We thank three anonymous referees and J. Wilson for their
3. The pressure wave may trigger a massive and instanta+temarks, which have improved the presentation of this Letter.
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On the physical processes which lie at the bases
of time variability of GRBs
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Summary. — The relative-space-time-transformation (RSTT) paradigm and the
interpretation of the burst-structure (IBS) paradigm are applied to probe the origin
of the time variability of GRBs. Again GRB 991216 is used as a prototypical case,
thanks to the precise data from the CGRO, RXTE and Chandra satellites. It is
found that with the exception of the relatively inconspicuous but scientifically very
important signal originating from the initial “proper gamma ray burst” (P-GRB),
all the other spikes and time variabilities can be explained by the interaction of the
accelerated-baryonic-matter pulse with inhomogeneities in the interstellar matter.
This can be demonstrated by using the RSTT paradigm as well as the IBS paradigm,
to trace a typical spike observed in arrival time back to the corresponding one in the
laboratory time. Using these paradigms, the identification of the physical nature
of the time variablity of the GRBs can be made most convincingly. It is made
explicit the dependence of a) the intensities of the afterglow, b) the spikes amplitude
and c¢) the actual time structure on the Lorentz gamma factor of the accelerated-
baryonic-matter pulse. In principle it is possible to read off from the spike structure
the detailed density contrast of the interstellar medium in the host galaxy, even at
very high redshift.

PACS 04.70 — Physics of black holes.

PACS 04.62 — Quantum field theory in closed space time.

PACS 12.20 — Quantum electrodynamics.

PACS 95.30 — Fundamental aspects of astrophysics.

PACS 98.38 — Interstellar medium (ISM) and nebulae in Milky Way.

It is well known that one of the most successful cognitive tools in relativistic astro-
physics has been the analysis of the time structure of signals received at a variety of
wavelengths. Time variabilities, however, have not always been of significance in rela-
tivistic astrophysics. In the case of pulsars, for example, only the period of the average

(*) E-mail: ruffini@icra.it

(© Societa Italiana di Fisica 99
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pulsar signal and its monotonic lengthening with time have been essential in identify-
ing pulsars as rotating neutron stars (Hewish, Bell, et al. (1977) [9]). Furthermore, the
modulations of the pulsar signal, periodic in time, have been essential for the identifica-
tion of binary pulsars and to give the first evidence for gravitational waves (Hulse and
Taylor (1975) [11]). The secular variation of the shape of the pulse yields information
relating the role of the spin of the neutron star and its angular momentum to additional
general relativistic effects (Damour and Ruffini (1974) [7], Kramer (2001) [12]). Even
in this very successful example, there is a broad range of effects connected to pulsars
whose role in relativistic astrophysics and fundamental physics is null. We quote, as
an example, the well known time delay in the arrival time of pulsar signals, inversely
proportional to the square of the radiation frequency of observation, see, e.g. Rees et al.
(1975) [17] page 26. Such an effect is not due to the mass of the photon, as one might
have hoped for fundamental physics reasons (see, e.g., Ohanian and Ruffini (1994) [10],
page 117), but simply due to the dispersion by the electrons in interstellar plasma.

In approaching the analysis of GRB signals it is similarly essential to untangle infor-
mation about the astrophysical system producing the GRBs, which is certainly in the
realm of relativistic astrophysics, from other parts of the signal, also of similar magni-
tude and structure, which can instead be traced back to the environment in which the
astrophysical process occurs and in that sense may very well belong to the domain of
classical astronomy.

In the last decade an enormous number of papers have been written trying to link all
the structures observed by the BATSE experiment on the CGRO satellite to the intrinsic
properties of an unknown GRB source, whose properties should be determined, hopefully,
by those observations. In the “internal shock models” of GRBs, which are currently very
popular, it is assumed that every spike in the burst in the range At ~ 1 s to ~ 50 s is
directly related to the physical properties of the “inner engine” (see, e.g., Piran (2001)
[13] and references therein). The fact that it is difficult to explain the long bursts has led
the theorists working on the “internal shock model” to introduce a new family of models,
in which the source of GRBs has a prolongued action in time. We shall see below that a
simpler and very different explanation can be found.

The electromagnetic black hole (EMBH) model (Ruffini (1998) [18], Preparata, et
al. (1998a) [15], Preparata, et al. (1998b) [16]) relates the origin of the energy of GRBs
to the extractable electromagnetic energy of an EMBH [5] via the vacuum polarization
process occurring during the gravitational collapse leading to the formation of an EMBH
[8]. The first step in this theory is the definition of the dyadosphere [18, 15], an extended
region outside the EMBH horizon formed of an optically thick plasma of electron-positron
pairs and radiation whose energy Egy, is related to the mass 4 = M/Mg and electro-

magnetic parameter £ = Q/ <M \/§> of the EMBH by the relation:

2 2
» a2 (- 2) - ()]

where 7 = 1.47 x 10°u(1 + 4/1 — £2) is the horizon radius and rgs = 1.12 x 108/u€ is
the dyadosphere radius and, as usual, M and @ are the mass-energy and charge of the
EMBH and G is the Newton constant of gravity.

The evolution of this pair-electromagnetic plasma leads to the formation of a sharp
pulse (the PEM pulse) that very rapidly reaches a Lorentz gamma factor of 10? and
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Fig. 1. — The Lorentz gamma factor corresponding to the different eras of GRB991216 is given
as a function of the radial distance from the EMBH. Details in Letter 1.

higher. The subsequent interaction of this pulse with the baryonic matter of the remnant,
left over from the gravitational collapse of the protostar, and with the interstellar medium
(ISM) leads to the different eras of the GRBs. It is useful to parametrize the baryonic
mass Mp of the remnant by introducing the dimensionless parameter B:

2) Mpc® = BEqy, .

The confrontation of the theoretical model with the observational data allows an
estimate for the values of the EMBH parameters. It also allows us to probe the density
of the baryonic material in the remnant, in the ISM as well as in the stellar distribution
within a few parsecs of the EMBH (see [22, 23]).

In Ruffini, et al. (2001a) [21] we presented the relative-space-time-transformation
(RSTT) paradigm, leading to the diagram relating the Lorentz gamma factor of the
pulse to the space and time parametrization both in the comoving and in the labora-
tory frame for the case of GRB 991216 (see fig. 1). In Ruffini, et al. (2001b) [22] we
introduced the interpretation of the burst-structure (IBS) paradigm, presenting a dras-
tic separation between the proper-gamma-ray burst (P-GRB) and the E-APE, the “not
burst component of the GRB”, see fig. 2.

It is important to stress that the results obtained in the IBS paradigm are of general
validity for a variety of GRB sources based on a single gravitational collapse event. What
makes the EMBH model uniqueness testable are:

— the energetics [18],
— the time structure of the P-GRB [25],
— the spectral information of the P-GRB [3].

Once again we use GRB 991216 as a prototypical case due to the excellent data from
the BATSE (BATSE Rapid Burst Response (1999) [1]), RXTE (Corbet and Smith (2000)
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Fig. 2. — The flux of the afterglow of GRB991216, as computed using the best fit of the data
obtained in Letter 2, is given as a function of the arrival time. The dashed (dotted) line
corresponds to eq. (6) (eq. (9)) in the text.

[6]) and CHANDRA (Piro, et al. (2000) [14]) satellites, although the conclusions will be
applicable to all GRBs. In a certain sense, in this paradigm all the features of a GRB
are divided in two very distinct phases:

— the first, prior to decoupling and ending with emission of the P-GRB, which we
shall call the “injector phase”;

— the second, the “beam-target” phase, in which the accelerated-baryonic-matter
(ABM) pulse (the beam) interacts with the interstellar medium (the target).

The P-GRB, which is clearly identifiable in the enlargement in fig. 3a, is emitted when
the condition of transparency is reached by the pair-electromagnetic-baryonic matter-
pulse, the PEMB pulse. As already stressed Ruffini, et al. (2001b) [22], the properties
of the P-GRB are directly linked (Ruffini, et al. (1999) [19], Ruffini, et al. (2000) [20],
Bianco, et al. (2001) [2], Ruffini, et al. (2001g) [25]) to the internal properties of the GRB
source and to the detailed structure and energy distribution in the dyadosphere of the
EMBH (Ruffini (1998) [18], Preparata, et al. (1998a) [15], Preparata, et al. (1998b) [16]).
These results are essential in identifying the extractable energy of the EMBH, introduced
in Christodoulou and Ruffini (1971) [5], as the GRB energy source. The operational tool
of the energy extraction process is the vacuum polarization process introduced in Damour
and Ruffini (1975) [8]. Similarly the intensity ratio of the P-GRB to the afterglow gives a
precise measurement of the matter left in the remnant during the process of gravitational
collapse of the progenitor star to the EMBH, see Ruffini, et al. (2000) [20] and Ruffini,
et al. (2001b) [22] and references therein.

All the above results clearly involve relativistic astrophysics. Let us now turn to the
afterglow and apply the RSTT and IBS paradigms in order to understand its detailed
time structure.

The afterglow is emitted as the ABM pulse plows through the interstellar matter
engulfing new baryonic material (Ruffini, et al. (2001f) [24]). In our previous works we
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Fig. 3. — a) Flux of GRB 991216 observed by BATSE. The enlargement clearly shows the P-GRB
(see Letter 2). b) Flux computed in the collision of the ABM pulse with an ISM cloud with the
density profile given in fig. 4. The dashed line indicates the emission from an uniform ISM with
n=1cm™3. The dotted line indicates the BATSE noise level.

were interested in explaining the overall energetics of the GRB phenomena and in this
sense, we have adopted the very simplified assumption that the interstellar medium is
a constant density medium with nis, = 1/ cm3. Consequently, the afterglow emission
obtained is very smooth in time. We are now interested in seeing if in this frameowrk we
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Fig. 4. — The density contrast of the ISM cloud profile introduced in order to fit the observation
of the burst of GRB991216. The dashed line indicates the average uniform density n = 1 cm™>.

can also explain most of the time variability observed by BATSE, all of which, except
for the P-GRB, should correspond to the beam-target phase in the above paradigm.

We first recall the constitutive equations (Ruffini, et al. (1999,2000) [19, 20], Bianco,
et al. (2001) [2]):

AMign 2 AMigmc?\ 2 AMignc?
(3a) AEin pBIV1\/1+271 - + ( ° ) -, V1 <1+7‘> ,

12:R% B, V1 pB, V1
AMinc?
oy 4 Ay
(8b) = e —,
AMiamc? AMiomc?
WM Mgt | (Mgt

0 t2—<1+z)(t—g)—(1+z)<t_w>7

where the quantities with the index “1” are calculated before the collision of the ABM-
pulse with an elementary ISM shell of thickness Ar and the quantities with “2” after
the collision. We indicate by AFEj,; the increase in the proper internal energy due to
the collision with a single shell and by pp the proper energy density of the swept up
baryonic matter, by V' the ABM pulse volume in the comoving frame, by Mgy, the ISM
mass swept up until radius r in laboratory frame and by 7 the Lorentz factor of the
expanding ABM pulse. t¢ is the arrival time of the signals on the detector, counting
from the arrival of the first photon, z is the cosmological redshift of the source and ¢ is
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the emission time of the signal, counting from the dyadosphere formation. Details are
given in Ruffini, et al. (2001f) [24].

In order to proceed, we first distinguish two different regimes in the afterglow (see
fig. 2): in the first the intensity of the afterglow increases with time, in the second it
decreases. The first regime goes from point 4, corresponding to the emission of the
P-GRB (see fig. 1), to the point P, where the peak of the radiation of the afterglow
is reached. During this regime, the amount of material engulfed from the interstellar
medium is too small compared to the initial kinetic energy of the ABM pulse and the
Lorentz gamma factor is slowly decreasing with time, so much so that we can assume = is
constant in this regime. The flux emitted by the afterglow is given (Ruffini, et al. (2001f)
[24]), as a function of the laboratory time ¢ by

(5) F '704nismt27

where 7 is the value of the Lorentz gamma factor at the moment of transparency. This
expression can be simply expressed in terms of the arrival time ¢, (Ruffini, et al. (2001f)
24])

(6) F x 'y()snism (tj)2

The second regime occurs as soon as the mass-energy accreted from the interstellar
material is no longer negligible with respect to the initial kinetic energy of the ABM
pulse (Ruffini, et al. (2001f) [24]). The flux emitted by the afterglow decreases now with
the laboratory time following the law

(7) F ’\/P2tP6nismt747

where vp is the value of the Lorentz gamma factor at the point P and tp is the value of
the laboratory time when the point P is reached. There are actually two different peaks in
the radiation flux, if the phenomenon is the spike in the laboratory frame or in the frame
of an asymptotic observer comoving with the detector (see Ruffini, et al. (2001f) [24] for
details). Here we consider the peak in the laboratory time. The peak of the radiation
occurs at a value of 7 given by (Ruffini, et al. (2001f) [24]): (Mign/Mp) =~ 1073 and

(8) ¥p = 0.6770,

where Mp is the initial baryonic mass of the ABM pulse and Mig, is the mass of the
ISM engulfed by the ABM pulse at the time ¢tp. Again we can express the energy flux
given in eq. (7) as a function of the arrival time as (Ruffini, et al. (2001f) [24])

9) F  nigm (t‘;)_L6 ,

in very good agreement with the results of the BATSE, RXTE and Chandra satellites
(see Letter 2). The corresponding diagrams are summarized in fig. 2.

Once the two results presented in fig. 1 and fig. 2 have been understood, we can
proceed to attack the specific problem of the time variability observed by BATSE.

The fundamental point is that in both regimes the fluz observed in the arrival time
is proportional to the interstellar matter density: any inhomogeneity in the interstellar
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Fig. 5. — a) Same as fig. 3b with the ISM cloud located at a distance of 3.17 x 10'” cm from the
EMBH, the time scale of the burst now extends to ~ 1.58 x 10° s. b) Same as a) with the ISM
cloud at a distance of 4.71 x 10'7 ¢cm from the EMBH, the time scale of the burst now extends
to ~ 1.79 x 10° s.

medium Anjgy, /Tism Will lead correspondingly to a proportional variation in the intensity
AI/T of the afterglow, which can indeed be erroneously interpreted as a burst originating
in the “inner engine”.

There is a very significant signature of this kind of intensity contrasts: the AI/T is
independent of the special moment of observation during the afterglow era and is only
function of the density contrast. In particular, for the main burst observed by BATSE
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(see fig. 3a) we have

(1(]) (AI/T) = (Anism/nism) ~ 5.

There are still a variety of physical circumstances which may lead to such density inho-
mogeneities.

The additional crucial parameter in understanding the physical nature of such in-
homogeneities is the time scale of the burst observed by BATSE. Such a burst lasts
At, ~ 20 s and shows substructures on a time scale of ~ 1 s (see fig. 3a). In order to
infer the nature of the structure emitting such a burst we must express these times scales
in the laboratory time (see Letter 1). Since we are at the peak of the GRB we have
vp ~ 159 (see eq. (8)) and At, corresponds in the laboratory time to an interval

(11) At =% x At, ~75x10% s,

which determines the characteristic size of the inhomogeneity creating the burst AL ~
2.2 x 106 cm.

It is immediately clear from eq. (10) and eq. (11) that these are the typical dimensions
and density contrasts corresponding to a small interstellar cloud. As an explicit example
we have shown in fig. 4 the density contrasts and dimensions of an interstellar cloud with
an average density (n) = 1/ em®. Such a cloud is located at a distance of ~ 8.7 x 10'® cm
from the EMBH, gives rise to a signal similar to the one observed by BATSE (see fig. 3b).

It is now interesting to see the burst that would be emitted by the interaction of
the ABM pulse with the same ISM cloud if it were encountered at later times during
the evolution of the afterglow. Figure 5a shows the structure of the burst at a distance
2.59 x 10'7 cm, corresponding to an arrival time delay of ~ 2 days, where the Lorentz
factor is now v, ~ 3.60. Although the overall intensity is smaller, the intensity ratio of
the burst relative to the average emission is consistent with eq. (10), but the time scales

2
of the burst are longer by a factor (:’/—f) ~ 2 x 103. Figure 5b shows the corresponding

quantities for the same ISM cloud located at a distance 3.9 x 10’7 cm from the EMBH,
corresponding to an arrival time delay of ~ 1 month, where the Lorentz gamma factor
is ~ 1.598.

The approximations adopted in this paper in the solution of egs. (3), (4) have been
explicitly presented in all details in Ruffini, et al. (2001f) [24].

It is then clear that all the fundamental information on relativistic astrophysics about
the EMBH dyadosphere as well as its formation during the process of gravitational col-
lapse have to be inferred from the data on the propereties of the P-GRB (Bianco, et
al. (2001) [2], Ruffini, et al. (2001g) [25]).

The data on the E-APE appear to give mainly information on the structure of the
ISM clouds in star-forming regions in far away galaxies.

It is then possible to carry out, very efficiently, the sort of problematic examined,
within our own galaxy, by the BeppoSAX satellite (see Bocchino and Bykov (2000) [4]
and references therein). In these works the interstellar clouds have been examined using
as “the beam” the material ejected in supernova remnants, and as “the target” a variety
of ISM clouds in our galaxy. By properly taking into account the results summarized in
fig. 1 and fig. 2 it is in principle possible, using different GRBs, to map the interstellar
matter distribution in star-forming regions in far away galaxies at arbitrary red shift.

This leads us into the domain of another science, of classical astronomy, into which
the object of this work does not allow us to go today.
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are described within the fully radiative and radial approximations: the ultrarelativistic,
the relativistic and the nonrelativistic regimes. The best fit of the theory leads to an
unequivocal identification of the “long GRBs” as extended emission occurring at the
afterglow peak (E-APE). The relative intensities, the time separation and the hardness
ratio of the P-GRB and the E-APE are used as distinctive observational test of the
EMBH theory and the excellent agreement between our theoretical predictions and the
observations are documented. The afterglow power-law indexes in the EMBH theory
are compared and contrasted with the ones in the literature, and no beaming process
is found for GRB 991216. Finally, some preliminary results relating the observed time
variability of the E-APE to the inhomogeneities in the interstellar medium are pre-
sented, as well as some general considerations on the EMBH formation. The issue of the
GSTS paradigm will be the object of a forthcoming publication while the relevance of
the iron-lines observed in GRB 991216 is shortly reviewed. The general conclusions are
then presented based on the three fundamental parameters of the EMBH theory: the
dyadosphere energy, the baryonic mass of the remnant, the interstellar medium density.
An in depth discussion and comparison of the EMBH theory with alternative theories is
presented as well as indications of further developments beyond the radial approxima-
tion, which will be the subject of paper II in this series. Future needs for specific GRB
observations are outlined.

Keywords: Afterglow; electromagnetic black hole theory; gamma-ray bursts.

1. Introduction
1.1. The physical and astrophysical background

Gamma-ray bursts (GRBs) are rapidly fuelling one of the broadest scientific pursuit
in the entire field of science, both in the observational and theoretical domains.
Following the discovery of GRBs by the Vela satellites,* the observations from the
Compton satellite and BATSE®* had shown the isotropic distribution of the GRBs
strongly suggesting a cosmological nature for their origin. It was still through the
data of BATSE that the existence of two families of bursts, the “short bursts” and
the “long bursts” was presented, opening an intense scientific dialogue on their
origin which is still active today (see e.g. Schmidt® (2001) and Sec. 11).

An enormous momentum was gained in this field by the discovery of the after-
glow phenomena by the BeppoSAX satellite and the optical identification of GRBs
which have allowed the unequivocal identification of their sources at cosmological
distances.® It has become apparent that fluxes of 105 erg/s are reached: during
the peak emission the energy of a single GRB equals the energy emitted by all the
stars of the Universe.”

From an observational point of view, an unprecedented campaign of observations
is at work using the largest deployment of observational techniques from space with
the satellites CGRO-BATSE, Beppo-SAX,” Chandra,® R-XTE,Y® XMM-Newton,®

aSee http://cossc.gsfc.nasa.gov/batse/

PSee http://www.asdc.asi.it /bepposax/
°See http://chandra.harvard.edu/

dSee http://heasarc.gsfc.nasa.gov/docs/xte/
¢See http://xmm.vilspa.esa.es/
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Fig. 1. Selected events in the EMBH theory are represented. For each one the values of the
energy density of the medium and the distances from the EMBH, in the laboratory frame and in
logarithmic scale, are given.

HETE-2,! as well as the HST,# and from the ground with optical (KECK,» VLT?)
and radio (VLAJ) observatories. The further possibility of examining correlations
with the detection of ultra high energy cosmic rays (UHECR for short) and inci-
dentally neutrinos should be reachable in the near future thanks to developments
of AUGERK and AMANDA! (see also Halzen®).

From a theoretical point of view, GRBs offer comparable opportunities to
develop entire new domains in yet untested directions of fundamental science. For
the first time within the theory based on the vacuum polarization process occur-
ring in an electromagnetic black hole, namely the EMBH theory (see Fig. 1), the
opportunity to theoretically approach the following fundamental issues exists:

(1) The extremely relativistic hydrodynamic phenomena of an electron-positron
plasma expanding with sharply varying gamma factors in the range 102 to
10* and the analysis of the very high energy collision of such an expanding
plasma with baryonic matter reaching intensities 1038 larger than those usually
obtained in Earth-based accelerators.

fSee http://space.mit.edu/HETE/

gSee http://www.stsci.edu/

hSee http://www2.keck.hawaii.edu:3636/

ISee http://www.eso.org/projects/vlt/

ISee http://www.aoc.nrao.edu/vla/html/VLAhome.shtml
kSee http://www.auger.org/

ISee http://amanda.berkeley.edu/amanda/amanda.html
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(2) The bulk process of vacuum polarization created by overcritical electromagnetic
fields, in the sense of Heisenberg, Euler? and Schwinger.!® This longly sought
quantum ultrarelativistic effect has not yet been unequivocally observed in
heavy ion collision on the Earth.1~14 The difficulty of the heavy ion collision
experiments appears to be that the overcritical field is reached only for time
scales of the order /m,c?, which is much shorter than the characteristic time
for the ete™ pair creation process which is of the order of i/m.c?, where
m, and m. are respectively the proton and the electron mass. It is therefore
very possible that the first appearance of such an effect occurs in the strong
electromagnetic fields developed in astrophysical conditions during the process
of gravitational collapse to an EMBH, where no problem of confinement exists.

(3) A novel form of energy source: the extractable energy of a black hole. The
enormous energy released almost instantly in the observed GRBs, points to the
possibility that for the first time we are witnessing the release of the extractable
energy of an EMBH, during the process of gravitational collapse itself. We can
compute and have the opportunity to study all general relativistic as well as the
associated ultrahigh energy quantum phenomena as the horizon of the EMBH
is approached and is being formed.

It is clear that in approaching such a vast new field of research, implying pre-
viously unobserved relativistic regimes, it is not possible to proceed as usual with
an uncritical comparison of observational data to theoretical models within the
classical schemes of astronomy and astrophysics. Some insight to the new approach
needed can be gained from past experience in the interpretation of relativistic effects
in high energy particle physics as well as from the explanation of some observed
relativistic effects in the astrophysical domain. Those relativistic regimes, both in
physics and astrophysics, are however much less extreme than those encountered
in GRBs.

There are three major new features in relativistic systems which have to be
properly taken into account:

(1) Practically all data on astronomical and astrophysical systems is acquired us-
ing photon arrival times. It was Einstein'® at the very initial steps of special
relativity who cautioned about the use of such an arrival time analysis and
stated that when dealing with objects in motion proper care should be taken in
defining the time synchronization procedure in order to construct the correct
space—time coordinate grid (see Fig. 2). It is not surprising that as soon as the
first relativistic bulk motion effects were observed their interpretations within
the classical framework of astrophysics led to the concept of “superluminal”
motion. These were observations of extragalactic radio sources, with gamma
factors'® ~ 10 and of microquasars in our own galaxy with gamma factor!” ~5.
It has been recognized!® that no “superluminal” motion exists if the prescrip-
tions indicated by Einstein are used in order to establish the correct space-time
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Fig. 2. This qualitative diagram illustrates the relation between the laboratory time interval At
and the arrival time interval At, for a pulse moving with velocity v in the laboratory time (solid
line). We have indicated here the case where the motion of the source has a nonzero acceleration.
The arrival time is measured using light signals emitted by the pulse (dotted lines). Rg is the
distance of the observer from the EMBH, t( is the laboratory time corresponding to the onset of
the gravitational collapse, and  is the radius of the expanding pulse at a time t = to + At.!

grid for the astrophysical systems. In the present context of GRBs, where the
gamma factor can easily surpass 102, the direct application of classical con-
cepts leads to enormous “superluminal” behaviours (see Table 1). An approach
based on classical arrival time considerations, as sometimes done in the current
literature, completely subverts the causal relation in the observed astrophysical
phenomenon.

(2) One of the clear successes of relativistic field theories has been the understand-
ing of the role of four-momentum conservation laws in multiparticle collisions
and decays such as in the reaction: n — p+e~ +7,. From the works of Pauli and
Fermi it became clear how in such a process, contrary to the case of classical
mechanics, it is impossible to analyze a single term of the decay, the electron
or the proton or the neutrino or the neutron, out of the context of the global
point of view of the relativistic conservation of the total four momentum of
the system. This in turn involves the knowledge of the system during the entire
decay process. These rules are routinely used by workers in high energy particle
physics and have become part of their cultural background. If we apply these
same rules to the case of the relativistic system of a GRB it is clear that it
is just impossible to consider a part of the system, e.g. the afterglow, without
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taking into account the general conservation laws and the whole relativistic
history of the entire system. The description of the afterglow alone, as has
been given at times in the literature, indeed possible within the framework of
classical astronomy and astrophysics, is not viable in a relativistic astrophysics
context where the space—time grid necessary for the description of the afterglow
depends on the entire previous relativistic part of the worldline of the system
(see also Sec. 14).

(3) The lifetime of a process does not has an absolute meaning as special and
general relativity have shown. It depends both on the inertial reference frame
of the laboratory and of the observer and on their relative motion. Such a
phenomenon, generally expressed in the “twin paradox”, has been extensively
checked and confirmed to extremely high accuracy as a by-product of the
elementary particle physics (g — 2) experiment.!® This situation is much more
extreme in GRBs due to the very large (in the range 102 —10%) and time vary-
ing (on time scales ranging from fractions of seconds to months) gamma factors
between the comoving frame and the far away observer (see Fig. 9). Moreover in
the GRB context such an observer is also affected by the cosmological recession
velocities of its local Lorentz frame.

1.2. The relative space—time transformations: The RSTT
paradigm and current scientific literature

Here are some of the reasons why we have recently presented a basic relative space—
time transformation (RSTT) paradigm® to be applied prior to the interpretation of
GRB data.

The first step is the establishment of the governing equations relating:

(a) The comoving time of the pulse (7).

(b) The laboratory time ().

(c) The arrival time at the detector ().

(d) The arrival time at the detector corrected for cosmological expansion (t9).

The book-keeping of the four different times and the corresponding space variables
must be done carefully in order to keep the correct causal relation in the time
sequence of the events involved.

As formulated the RSTT paradigm contains two parts: the first one is a neces-
sary condition, the second one a sufficient condition. The first part reads: “The
necessary condition in order to interpret the GRB data, given in terms of the
arrival time at the detector, is the knowledge of the entire worldline of the source
from the gravitational collapse”.

Clearly such an approach is in contrast with articles in the current literature
which emphasize either some qualitative description of the sources or some quanti-
tative description of the afterglow era by itself.
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In the current literature several attempts have addressed the issue of the
sources of GRBs. They include scenarios of binary neutron stars mergers,2023
black hole/white dwarf?* and black hole/neutron star binaries,?>2% hypernovae,?”
failed supernovae or collapsars,?29 supranovae.?3! Only those based on binary
neutron stars have reached the stage of a definite model and detailed quantitative
estimates have been made. In this case, however, various problems have surfaced: in
the general energetics which cannot be greater than ~ 3 x 10°2 erg, in the explana-
tion of “long bursts”,3%3% and in the observed location of the GRB sources in star
forming regions.>* In the remaining cases attention was directed to a qualitative
analysis of the sources without addressing the overall problem from the source to
the observations. The necessary details to formulate the equations of the dynamical
evolution of the system are generally missing.

Other models in the literature have addressed the problem of only fitting the
data of the afterglow observations by a phenomenological analysis. They are sepa-
rated into two major classes:

The “internal shock model”, first introduced by Rees & Mészaros3® by far the
most popular one, has been developed in many different aspects, e.g. by Paczyniski &
Xu,38 Sari & Piran,3” Fenimore®® and Fenimore et al.?® The underlying assumption
is that all the variabilities of GRBs in the range At ~ 1 ms up to the overall duration
T of the order of 50 s are determined by a yet undetermined “inner engine”. The
difficulties of explaining the long time scale bursts by a single explosive model has
evolved into a subclass of approaches assuming an “inner engine” with extended
activity (see e.g. Piran,® and references therein).

The “external shock model”, also introduced by Mésziros & Rees,' is less
popular today. It relates the GRB light curves and time variabilities to interactions
of a single thin blast wave with clouds in the external medium. The interesting
possibility has been recognized within this model, that GRB light curves “are tomo-
graphic images of the density distribution of the medium surrounding the sources
of GRBs” (Dermer & Mitman*?), see also Dermer, Chiang & Béttcher,*® Dermer®4
and references therein. In this case, the structure of the burst is assumed not to
depend directly on the “inner engine” (see e.g. Piran,’® and references therein).

All these works encounter the above mentioned difficulty: they present either
a purely qualitative or phenomenological or a piecewise description of the GRB
phenomenon. By neglecting the earlier phases, their space—time grid is undefined
and as we will explicitly show in the following, results are reached at variance from
the ones obtained in a complete and unified description of the GRB phenomenon.
We show in the following how such a unified description naturally leads to new
characteristic features both in the burst and afterglow of GRBs.

1.3. The EMBH theory

In a series of papers, we have developed the EMBH theory*® which has the
advantage, despite its simplicity, that all eras following the process of gravitational
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collapse are described by precise field equations which can then be numerically
integrated.

Starting from the vacuum polarization process ¢ la Heisenberg-Euler—
Schwinger®19 in the overcritical field of an EMBH first computed in Damour &
Ruffini,*® we have developed the dyadosphere concept.”

The dynamics of the eTe™-pairs and electromagnetic radiation of the plasma
generated in the dyadosphere propagating away from the EMBH in a sharp pulse
(PEM pulse) has been studied by the Rome group and validated by the numerical
codes developed at Livermore Lab.*®

The collision of the still optically thick et e~ -pairs and electromagnetic radiation
plasma with the baryonic matter of the remnant of the progenitor star has been
again studied by the Rome group and validated by the Livermore Lab codes.*® The
further evolution of the sharp pulse of pairs, electromagnetic radiation and baryons
(PEMB pulse) has been followed for increasing values of the gamma factor until
the condition of transparency is reached.?”

As this PEMB pulse reaches transparency the proper GRB (P-GRB) is emitted?
and a pulse of accelerated baryonic matter (the ABM pulse) is injected into the
interstellar medium (ISM) giving rise to the afterglow.

1.4. The GRB 991216 as a prototypical source

Until this stage, the EMBH theory has been done from first principles based on the
exact solutions of the Einstein—-Maxwell equations implied by the EMBH uniqueness
theorem as well as on the quantum description of the vacuum polarization process
in overcritical electromagnetic fields. Turning now to the afterglow, the variety of
physical situations that can possibly be encountered are very large and far from
unique: the description from first principles is just impossible. We have therefore
proceeded to properly identify what we consider a prototypical GRB source and
to develop a theoretical framework in close correspondence with the observational
data.

We present the criteria which have guided us in the selection of the GRB source
to be used as a prototype before proceeding to an uncritical comparison with
the theory. It is now clear, since the observations of GRB 980425, GRB 991216,
GRB 970514 and GRB 980326 that the afterglow phenomena can present, espe-
cially in the optical and radio wavelengths, features originating from phenomena
spatially and causally distinct from the GRB phenomena. There is the distinct
possibility that phenomena related to a supernova can be erroneously attributed
to a GRB. This problem has been clearly addressed by the GRB supernova
time sequence (GSTS) paradigm in which the time sequence of the events in the
GRB supernova phenomena has been outlined.® This has led to the novel con-
cept of an induced supernova.? This problem will be addressed in a forthcoming
paper.5?
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(reproduced from Halpern et al.?3).

In view of these considerations we have selected GRB 991216 as a prototypical
case (see Fig. 3) for the following reasons:

(1) GRB 991216 is one of the strongest GRBs in X-rays and is also quite general in
the sense that it shows relevant cosmological effects. It radiates mainly in X-rays
and in v-rays and less than 3% is emitted in the optical and radio bands.53
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(2) The excellent data obtained by BATSE on the burst®? is complemented by the
data on the afterglow acquired by Chandra® and RXTE.% Superb data have
also been obtained from spectroscopy of the iron lines.?*

(3) A value for the slope of the energy emission during the afterglow as a function
of time has been obtained: n = —1.64 (Ref. 56) and n = —1.616 & 0.067.53

1.5. The interpretation of the burst structure: The IBS paradigm
and the different eras of the EMBH theory

The comparison of the EMBH theory with the data of the GRB 991216 and its after-
glow has naturally led to a new paradigm for the interpretation of the burst struc-
tures (IBS) paradigm of GRBs.? The IBS paradigm reads: “In GRBs we can dis-
tinguish an injector phase and a beam-target phase. The injector phase includes the
process of gravitational collapse, the formation of the dyadosphere, as well as Era I
(the PEM pulse), Era II (the engulfment of the baryonic matter of the remnant) and
Era III (the PEMB pulse). The injector phase terminates with the P-GRB emis-
sion. The beam-target phase addresses the interaction of the ABM pulse, namely the
beam generated during the injection phase, with the ISM as the target. It gives rise
to the E-APE and the decaying part of the afterglow.” The detailed presentations
of these results are the main topic of this article.

We recall that the injector phase starts from the moment of gravitational
collapse and encompasses the following eras:

The zeroth Era: the formation of the dyadosphere. In Sec. 2 we review the basic
scientific results which lie at the basis of the EMBH theory: the black hole unique-
ness theorem, the mass formula of an EMBH, the process of vacuum polarization
in the field of an EMBH. We also point out how after the discovery of the GRB
afterglow the re-examination of these results has led to the novel concept of the
dyadosphere of an EMBH. We have investigated this concept in the simplest pos-
sible case of an EMBH depending only on two parameters: the mass and charge,
corresponding to the Reissner—Nordstrom space-time. We recall the definition of
the energy Fay, of the dyadosphere as well as the spatial distribution and energetics
of the eTe™ pairs (see Fig. 4).

In order to analyse the time evolution of the dyadosphere we give in the three
following sections the theoretical background for the needed equations.

In Sec. 3 we give the general relativistic equations governing the hydrodynamics
and the rate equations for the plasma of eTe™-pairs.

In Sec. 4 we give the governing equations relating the comoving time 7 to the
laboratory time t corresponding to an inertial reference frame in which the EMBH
is at rest and finally to the time measured at the detector ¢, which, to finally get
4, must be corrected to take into account the cosmological expansion.

In Sec. 5 we describe the numerical integration of the hydrodynamical equations
and the rate equation developed by the Rome and Livermore groups. This entire
research program could never have materialized without the fortunate interaction
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Fig. 4. The dyadosphere of a Reissner—-Nordstrom black hole can be represented as constituted
by a concentric set of shells of capacitors, each one of thickness h/mcc and producing a number
of ete™ pairs of the order of ~ Q/e on a time scale of 10721 s, where Q is the EMBH charge.
The shells extend in a region Ar, from the horizon r4 to the dyadosphere outer radius rgs (see
text). The system evolves to a thermalised plasma configuration.

between the complementary computational techniques developed by these two
groups. The validation of the results of the Rome group by the fully general
relativistic Livermore codes has been essential both from the point of view of the
validity of the numerical results and the interpretation of the scientific content of
the results.

The Era I: the PEM pulse. In Sec. 3, by direct comparison of the integrations
performed with the Rome and Livermore codes we show that among all possible
geometries the eTe™ plasma moves outward from the EMBH reaching a very unique
relativistic configuration: the plasma self-organizes in a sharp pulse which expands
in the comoving frame exactly by the amount which compensates for the Lorentz
contraction in the laboratory frame. The sharp pulse remains of constant thickness
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in the laboratory frame and self-propels outwards reaching ultrarelativistic regimes,
with gamma, factors larger than 102, in a few dyadosphere crossing times. We recall
that, in analogy with the electromagnetic (EM) pulse observed in a thermonuclear
explosion on the Earth, we have defined this more energetic pulse formed of electron-
positron pairs and electromagnetic radiation a pair-electromagnetic-pulse or PEM
pulse.

The Era II: We describe the interaction of the PEM pulse with the baryonic
remnant of mass Mp left over from the gravitational collapse of the progenitor
star. We give the details of the decrease of the gamma factor and the corresponding
increase in the internal energy during the collision. The dimensionless parameter
B = Mpgc?/ E4ys which measures the baryonic mass of the remnant in units of the
Egys is introduced. This is the second fundamental free parameter of the EMBH
theory.

The Era III: We describe in Sec. 8 the further expansion of the eTe™ plasma,
after the engulfment of the baryonic remnant of the progenitor star. By direct
comparison of the results of integration obtained with the Rome and the Livermore
codes it is shown how the pair-electromagnetic-baryon (PEMB) plasma further
expands and self organizes in a sharp pulse of constant length in the laboratory
frame (see Fig. 5).
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Fig. 5. Comparison of gamma factor for the one-dimensional (1-D) hydrodynamic calculations
(Livermore code) and slab calculations (Rome code) as a function of the radial coordinate (in units
of dyadosphere radius) in the laboratory frame. The calculations show an excellent agreement.
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We have examined the formation of this PEMB pulse in a wide range of values
1078 < B < 1072 of the parameter B, the upper limit corresponding to the limit
of validity of the theoretical framework developed.

In Sec. 9 it is shown how the effect of baryonic matter of the remnant, expressed
by the parameter B, is to smear out all the detailed information on the EMBH
parameters. The evolution of the PEMB pulse is shown to depend only on Egya
and B: the PEMB pulse is degenerate in the mass and charge parameters of the
EMBH and rather independent of the exact location of the baryonic matter of the
remnant.

In Sec. 10 the relevant thermodynamical quantities of the PEMB pulse, the
temperature in the different frames and the ete™ pair densities, are given and the
approach to the transparency condition is examined. Particular attention is given
to the gradual transfer of the energy of the dyadosphere Eqy, to the kinetic energy
of the baryons Egaryons during the optically thick part of the PEMB pulse.

In Sec. 11, as the condition of transparency is reached, the injector phase is
concluded with the emission of a sharp burst of electromagnetic radiation and an
accelerated beam of highly relativistic baryons. We recall that we have respec-
tively defined the radiation burst (the proper GRB or for short P-GRB) and
the accelerated-baryonic-matter (ABM) pulse. By computing for a fixed value of
the EMBH different PEMB pulses corresponding to selected values of B in the
range 1078 - 1072, it is possible to obtain a crucial universal diagram which is
reproduced in Fig. 6. In the limit of B — 10~® or smaller, almost all Fgy, is emit-
ted in the P-GRB and a negligible fraction is emitted in the kinetic energy Egaryons
of the baryonic matter and therefore in the afterglow. On the other hand in the
limit B — 1072 which is also the limit of validity of our theoretical framework,
almost all Eqy, is transferred to Eparyons, Which gives origin to the afterglow and
the intensity of the P-GRB correspondingly decreases. We have identified the limit-
ing case of negligible values of B with the process of emission of the so called “short
bursts”. A complementary result reinforcing such an identification comes from the
thermodynamical properties of the P-GRB: the hardness of the spectrum decreases
for increasing values of B (see Fig. 7).

The injector phase is concluded by the emission of the P-GRB and the ABM
pulse, as the condition of transparency is reached.

The beam-target phase, in which the accelerated baryonic matter (ABM)
generated in the injector phase collides with the ISM, gives origin to the afterglow.
Again for simplicity we have adopted a minimum set of assumptions:

(1) The ABM pulse is assumed to collide with a constant homogeneous interstellar
medium of number density nism ~ 1 cm™3. The energy emitted in the collision
is assumed to be instantaneously radiated away (fully radiative condition). The
description of the collision and emission process is done using spherical sym-
metry, taking only the radial approximation neglecting all the delayed emission
due to off-axis scattered radiation.
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Fig. 7. The energy corresponding to the peak of the photon number spectrum in the P-GRB as
measured in the laboratory frame is plotted as function of the B parameter.
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(2) Special attention is given to numerically compute the power of the afterglow
as a function of the arrival time using the correct governing equations for the
space—time transformations in line with the RSTT paradigm.

(3) Finally some approximate solutions are adopted in order to determine the power
law exponents of the afterglow flux and compare and contrast them with the
observational results as well as with the alternative results in the literature.

In this paper we only consider the above mentioned radial approximation and a
spherically symmetric distribution in order to concentrate on the role of the correct
space—time transformations in the RSTT paradigm and illustrate their impact on
the determination of the power law index of the afterglow. This topic has been
seriously neglected in the literature. Details of the role of beaming and on the
diffusion due to off-axis emission will be studied elsewhere.?”>%%

We can now turn to the two eras of the beam-target phase:

The Era IV: The ultrarelativistic and relativistic regimes in the afterglow.
In Sec. 12 the hydrodynamic relativistic equations governing the collision of the
ABM pulse with the interstellar matter are given in the form of a set of finite dif-
ference equations to be numerically integrated. Expressions for the internal energy
developed in the collision as well as for the gamma factor are given as a function
of the mass of the swept up interstellar materials and of the initial conditions. In
Sec. 17 the infinitesimal limits of these equations are given, and so are the analytic
power-law expansions in selected regimes.

The Era V: The approach to the nonrelativistic regimes in the afterglow. In
Sec. 13 it is stressed that this last era often discussed in the current literature can
be described by the same equations used for Era IV.

Having established all the governing equations for all the eras of the EMBH
theory, we can proceed to compare and contrast the predictions of this theory with
the observational data.

1.6. The best fit of the EMBH theory to the GRB 991216:
The global features of the solution

As expressed in Sec. 14, we have proceeded to the identification of the only two
free parameters of the EMBH theory, E4y, and B, by fitting the observational data
from R-XTE and Chandra on the decaying part of the GRB 991216 afterglow.
The afterglow appears to have three different parts: in the first part the luminosity
increases as a function of the arrival time, it then reaches a maximum and finally
monotonically decreases. In Fig. 8, we show how such a fit is actually made and
how changing the two free parameters affects the intensity and the location in time
of the peak of the afterglow. The best fit is obtained for Fqy, = 4.83 x 1053 erg and
B=3x1073.

Having determined the two free parameters of the theory, we have integrated the
governing equations corresponding to these values and then obtained for the first
time the complete history of the gamma factor from the moment of gravitational
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Fig. 9. The theoretically computed gamma factor for the parameter values Egy, = 4.83% 10%3 erg,
B =3 x 1073 is given as a function of the radial coordinate in the laboratory frame. The corre-
sponding values in the comoving time, laboratory time and arrival time are given in Table 1. The
different eras indicated by roman numerals are illustrated in the text (see Secs. 6-8, 12 and 13),
while the points 1,2, 3,4, 5 mark the beginning and end of each of these eras. The points P;, and
P4 mark the maximum of the afterglow flux, respectively in emission time and in arrival time?
(see Secs. 12 and 17). The point 6 is the beginning of Phase D in Era V (see Secs. 13 and 17). At
point 4 the transparency condition is reached and the P-GRB is emitted.

collapse to the latest phases of the afterglow observations (see Fig. 9). We have also
determined the different regimes encountered in the relation between the laboratory
time and the detector arrival time within the RSTT paradigm (see Fig. 10). We
have thus determined the entire space-time grid of the GRB 991216 by giving
(see Table 1) the radial coordinate of the GRB phenomenon as a function of the
four coordinate time variables. A quick glance to Table 1 shows how the extreme
relativistic regimes at work leads to enormous superluminal behaviour (up to 10° c!)
if the classical astrophysical concepts are adopted using the arrival time as the
independent variable. In turn this implies that any causal relation based on classical
astrophysics and the arrival time data, as often found in the current GRB literature,
is incorrect!

1.7. The explanation of the “long bursts” and the identification of
the proper gamma ray burst (P-GRB)

In Sec. 15, having determined the two free parameters of the EMBH theory, we
analyze the theoretical predictions of this theory for the general structure of GRBs.
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Fig. 10. Relation between the arrival time (t¢) measured at the detector and the laboratory time
(t) measured at the GRB source. The solid curve is computed using the exact formula given in
Eq. (37). The dashed-dotted curve is computed using the approximate formula given in Eq. (39)
and often used in the current literature. We distinguish four different phases. Phase A: There is
a linear relation between t and t¢, given by Eq. (134) in the text (dashed line). Phase B: There
is an “effective” power-law relation between ¢ and t%, given by Eq. (139) (dotted line). Phase C:
No analytic formula holds and the relation between ¢ and tg has to be directly computed by
the integration of the complete equations of energy and momentum conservation (Egs. (104)
and (105)). Phase D: As the gamma factor approaches v = 1, the relation between t and t¢
asymptotically goes to t = t¢ (light gray line).!

The first striking result, illustrated in Fig. 11, shows that the peak of the afterglow
emission coincides both in intensity and in arrival time (19.87 s) with the average
emission of the long burst observed by BATSE. For this we have introduced the
new concept of extended afterglow peak emission (E-APE). Once the proper space—
time grid is given (see Table 1) it is immediately clear that the E-APE is generated
at distances of 5 x 10'% ¢cm from the EMBH. The long bursts are then identified
with the E-APEs and are not bursts at all: they have been interpreted as bursts
only because of the high threshold of the BATSE detectors (see Fig. 11). Thus
the long standing unsolved problem of explaining the long GRBs?2:33:40
resolved.

Still in Sec. 15, the search for the identification of the P-GRB in the BATSE
data is described. This identification is made using the two fundamental diagrams
shown in Fig. 12 and Fig. 13. Having established the value of Eqy, = 4.83 x 10° erg

is radically
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E4ya = 4.83 x 10%3 erg, B = 3 x 103, The horizontal dotted line indicates the BATSE noise
threshold. On the left axis the luminosity is given in units of the energy emitted at the source,
while the right axis gives the flux as received by the detectors.

E/Egya

0 ! S e ! ! ! T
108 107 10° 10° 10 107 10
B

Fig. 12. Relative intensities of the E-APE (dashed line) and the P-GRB (solid line), as predicted
by the EMBH theory corresponding to the values of the parameters determined in Fig. 11, as a
function of B. Details are given in Sec. 15. The vertical line corresponds to the value B = 3 x 1073,
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and of B = 3 x 1073, it is possible from the dashed line and the solid line in Fig. 12
to evaluate the ratio of the energy Fp.grp emitted in the P-GRB to the energy
EBaryons emitted in the afterglow corresponding to the determined value of B (see
the vertical line in Fig. 12). We obtain Ep.GrB/EBaryons = 1.58 x 1072, which
gives Fp.grp = 7.54 x 10°! erg. Having so determined the theoretically expected
intensity of the P-GRB, a second fundamental observable parameter, which is also
a function of Egy, and B, is the arrival time delay between the P-GRB and the
peak E-APE, determined in Fig. 13. From Table 1, we have that the detector arrival
time of the P-GRB occurs at 8.41 x 1072 s, corresponding to a radial coordinate of
1.94 x 10'* cm, a comoving time of 21.57 s, a laboratory time of 6.48 x 10% s and
an arrival time of 4.21 x 10~2 s. At this point, the gamma factor is 310.1. The peak
of the E-APE occurs at a detector arrival time of 19.87 s, corresponding to a radial
coordinate of 5.18 x 10'6 cm, a comoving time of 5.85 x 103 s, a laboratory time
of 1.73 x 10° s and an arrival time of 9.93 s (see Table 1). The delay between the
P-GRB and the peak of the E-APE is therefore 19.78 s (see Fig. 13). The theoretical
prediction on the intensity and the arrival time uniquely identifies the P-GRB with
the “precursor” in the GRB 991216 (see Fig. 3). Moreover, the hardness of the
P-GRB spectra is also evaluated in this section. As pointed out in the conclusions,
the fact that both the absolute and relative intensities of the P-GRB and E-APE
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Fig. 13. The arrival time delay between the P-GRB and the peak of the E-APE is plotted as a
function of the B parameter for three selected values of Eqya-
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Fig. 14. A qualitative diagram showing the full picture of the model, with both P-GRB and
E-APE.

have been predicted within a few percent accuracy as well as the fact that their
arrival time has been computed with the precision of a few tenths of milliseconds
(see Table 1 and Fig. 14), can be considered one of the major successes of the
EMBH theory.

1.8. On the power-laws, beaming and temporal structures in the
afterglow of GRB 991216

In Sec. 17 a piecewise description of the afterglow by the expansion of the funda-
mental hydrodynamical equations given by Taub®® and Landau & Lifshitz%° have
allowed the determination of a power-law index for the dependence of the afterglow
luminosity on the photon arrival time at the detector. It is evident that the deter-
mination of the power-law index is very sensitive to the basic assumptions made
for the description of the afterglow, as well as to the relations between the different
temporal coordinates which have been clarified by the RSTT paradigm.! The dif-
ferent power-law indices obtained are compared and contrasted with the ones in
the current literature (see Table 2). As a byproduct of this analysis, see also the
conclusions, there is a perfect agreement between the observational data and the
theoretical predictions, implying that the assumptions adopted for the description
of the afterglow are valid and therefore that there is no evidence for a beamed
emission in GRB 991216.
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In Sec. 19 the role of the inhomogeneities in the interstellar matter has been
analysed in order to explain the observed temporal substructures in the BATSE
data on GRB 991216. From the data of Table 1 and the highly “superluminal” be-
haviour of the source in the region of the E-APE, it is concluded that the observed
time variability in the intensity of the emission (AI/I) ~ 5 can be traced to in-
homogeneities in the interstellar matter: (Anigy /Mism) ~ 5. The typical size of
the scattering region is estimated to be 5 x 10'® cm, and these are the typical
sizes and density contrasts found in interstellar clouds. Since the emission of the
E-APE occurs at typical dimensions of the order of 5 x 10'® cm, the observed
inhomogeneities are probing the structure of the interstellar medium, and have
nothing to do with the “inner engine” of the source. These conclusions, reached
in the radial approximation of the afterglow adopted in this article, have been
proved to hold in the more general case when off-radial emission is taken into
account.®7-%8

1.9. The observation of the iron lines in GRB 991216:
On a possible GRB-supernova time sequence

In Sec. 20 the program of using GRBs to further explore the region surround-
ing the newly formed EMBH is carried one step further by using the observations
of the emitted iron lines.?* This gives us the opportunity to introduce the GRB-
supernova time sequence (GSTS) paradigm and to introduce as well the novel con-
cept of an induced supernova explosion. The GSTS paradigm reads: A massive
GRB-progenitor star Py of mass My undergoes gravitational collapse to an EMBH.
During this process a dyadosphere is formed and subsequently the P-GRB and the
E-APE are generated in sequence. They propagate and impact, with their photon
and neutrino components, on a second supernova-progenitor star Ps of mass Ms.
Assuming that both stars were generated approximately at the same time, we expect
to have My < Mj. Under some special conditions of the thermonuclear evolution of
the supernova-progenitor star Py, the collision of the P-GRB and the E-APE with
the star Py can induce its supernova explosion.

Using the result presented in Table 1 and in all preceding sections, the GSTS
paradigm is illustrated in the case of GRB 991216. Some general considerations on
the nature of the supernova progenitor star are also advanced.

Some general considerations on the EMBH formation are presented in Sec. 21.
The general conclusions are presented in Sec. 22.

The understanding of all these points has led to the formulation of the second
part, namely the sufficient condition of the RSTT paradigm which reads: “the
necessary condition in order to interpret the GRB data, given in terms of the arrival
time at the detector, is the knowledge of the entire worldline of the source from the
gravitational collapse. In order to meet this condition, given a proper theoretical
description and the correct governing equations, it is sufficient to know the energy
of the dyadosphere and the mass of the remnant of the progenitor star”.
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2. The Zeroth Era: The Process of Gravitational Collapse and the
Formation of the Dyadosphere

We first recall the three theoretical results which lie at the basis of the EMBH
theory.

In 1971 in the article “Introducing the Black Hole” °! the theorem was advanced
that the most general black hole is characterized uniquely by three independent
parameters: the mass-energy M, the angular momentum L and the charge Q) making
it an EMBH. Such an ansatz, which came to be known as the “uniqueness theorem”
has turned out to be one of the most difficult theorems to be proven in all of physics
and mathematics. The progress in the proof has been authoritatively summarized by
Carter%? in 1997. The situation can be considered satisfactory from the point of view
of the physical and astrophysical considerations. Nevertheless some fundamental
mathematical and physical issues concerning the most general perturbation analysis
of an EMBH are still the topic of active scientific discussion.%?

In 1971 it was shown that the energy extractable from an EMBH is governed
by the mass-energy formula®*

, ) 4 ) 2\ 2 L2c2
Eiy = M2c* = | Mic +—) 1
BH < 2py i .
with
1 G2 4 2 2
E(c_?S)(Q +4L%2) <1, (2)
where
2 2 L? G® 2
S =dmp =4m(ry + W) = 167‘-(6_4>Mir (3)

is the horizon surface area, M;, is the irreducible mass, r4 is the horizon radius
and p, is the quasi-spheroidal cylindrical coordinate of the horizon evaluated at
the equatorial plane. Extreme EMBHs satisfy the equality in Eq. (2). Up to 50%
of the mass-energy of an extreme EMBH can in principle be extracted by a special
set of transformations: the reversible transformations.%*
In 1975, generalizing some previous results of Zaumen®® and Gibbons,% Damour
& Ruffini® showed in 1975 that the vacuum polarization process d la Heisenberg—
Euler-Schwinger®19 created by an electric field of strength larger than
m2c?
<c/‘c = he (4)
can indeed occur in the field of a Kerr-Newmann EMBH. Here m, and e are respec-

tively the mass and charge of the electron. There Damour and Ruffini considered an

axially symmetric EMBH, due to the presence of rotation, and limited themselves
to EMBH masses larger then the upper limit of a neutron star for astrophysical
applications. They purposely avoided all complications of black holes with mass
smaller then the dual electron mass of the electron (mg = Gc—n'ze = %‘jck) which

may lead to quantum evaporation processes.” They pointed out that:
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(1) The vacuum polarization process can occur for an EMBH with mass larger than
the maximum critical mass for neutron stars all the way up to 7.2 x 10°Mg,.

(2) The process of pair creation occurs on very short time scales, typically
h/me.c?, and is an almost perfect reversible process, in the sense defined by
Christodoulou—Ruffini, leading to a very efficient mechanism of extracting
energy from an EMBH.

(3) The energy generated by the energy extraction process of an EMBH was found
to be of the order of 10%* erg, released almost instantaneously. They concluded
at the time “this work naturally leads to a most simple model for the explanation
of the recently discovered ~y-ray bursts”.

After the discovery of the afterglow of GRBs and the determination of the cos-
mological distance of their sources we noticed the coincidence between the theoreti-
cally predicted energetics and the observed ones in Damour & Ruffini:*® we returned
to our theoretical results developing some new basic theoretical concepts, 5474968
which have led to the EMBH theory.

As a first simplifying assumption we have developed our considerations in the
absence of rotation with spherically symmetric distributions. The space-time is
then described by the Reissner—Nordstrom geometry, whose spherically symmetric
metric is given by

d?s = g (r)d*t + gpr(r)d?r + r2d?0 + r* sin” 0d? ¢, (5)
where

2GM Q3G

c2r cir2 = *0‘2(7") and g,r(r) = a 3(r).

gu(r) = — |1 -

The first new result we obtained is that the pair creation process does not occur
at the horizon of the EMBH: it extends over the entire region outside the horizon in
which the electric field exceeds the critical value given by Eq. (4). Since the electric
field in the Reissner-Nordstrom geometry has only a radial component given by%9

£r) =2, (©

this region extends from the horizon radius

ry = 1.47-10°u(1 4+ /1 — £€2) cm (7)

out to an outer radius*
C_(hNP(GMNE (my\P e\ Qo
L c? m ap VGM
=1.12-10%/ué cm, (8)

where we have introduced the dimensionless mass and charge parameters p =
M/Meg, £ = Q/(MVG) <1 (see Fig. 4).

VI
W=
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The second new result has been to realize that the local number density
of electron and positron pairs created in this region as a function of radius is
given by

e () = e |1~ (—)] , ©)

and consequently the total number of electron and positron pairs in this region is

N NQ;QC{HM}, (10)

etem = h/me

where Q. = Scrf_.

The total number of pairs is larger by an enormous factor r*/(h/mc) > 10'8
than the value @/e which a naive estimate of the discharge of the EMBH would
have predicted. Due to this enormous amplification factor in the number of pairs
created, the region between the horizon and r* is dominated by an essentially high
density neutral plasma of electron-positron pairs. We have defined this region as the
dyadosphere of the EMBH from the Greek duas, duadsos for pairs. Consequently
we have called 7* the dyadosphere radius r* = rq5.4>47:58 The vacuum polarization
process occurs as if the entire dyadosphere are subdivided into a concentric set of
shells of capacitors each of thickness i/m.c and each producing a number of e*e™
pairs on the order of ~ @) /e (see Fig. 4). The energy density of the electron-positron

pairs is given by
_ @ r
m=5z(1-(=) ) (11)

(see Figs. 2-3 of Preparata, Ruffini & Xue®®). The total energy of pairs converted
from the static electric energy and deposited within the dyadosphere is then

_ 1 Q2 T4+ T4+ 2
P @] e

As we will see in the following this is one of the two fundamental parameters
of the EMBH theory (see Fig. 16). In the limit r; /rqs — 0, Eq. (12) leads to
Eaya — @Q?%/2r,, which coincides with the energy extractable from EMBHs by
reversible processes (M;, = const), namely Fpy — M;, = Q?/2r, (see Fig. 15).%4
Due to the very large pair density given by Eq. (9) and to the sizes of the cross-
sections for the process eTe™ <+ v + v, the system is expected to thermalize to a
plasma configuration for which

Net =MNe— ~ 1y ~ndy (13)
where n2+€, is the total number density of ete~-pairs created in the dyado-
sphere.47:68
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Fig. 15. The energy extracted by the process of vacuum polarization is plotted (solid lines) as a
function of the mass M (in solar mass units) for selected values of the charge parameter £ = 1,
0.1, 0.01 (from top to bottom) for an EMBH, the case £ = 1 reachable only as a limiting process.
For comparison we have also plotted the maximum energy extractable from an EMBH (dotted
lines) given by Eq. (1). Details in Preparata, Ruffini & Xue.”®

The third new result which we have introduced for simplicity is that for a given
E4y. we have assumed either a constant average energy density over the entire
dyadosphere volume, or a more compact configuration with energy density equal
to the peak value. These are the two possible initial conditions for the evolution of
the dyadosphere (see Fig. 17).

These three old and three new theoretical results permit a good estimate of the
general energetics processes originating in the dyadosphere, assuming an already
formed EMBH. In reality, if the data become accurate enough, the full dynamical
description of the dyadosphere formation mentioned above will be needed in order
to follow all the general relativistic effects and characteristic time scales of the
approach to the EMBH horizon™ ™ (see also Sec. 21).
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Fig. 16. Selected lines corresponding to fixed values of the Eqy, are given as a function of the two
parameters p &, only the solutions below the continuous heavy line are physically relevant. The
configurations above the continuous heavy lines correspond to unphysical solutions with rqs < 74.
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Fig. 17. Two different approximations for the energy density profile inside the dyadosphere. The
first one (dashed line) fixes the energy density equal to its peak value, and computes an “effective”
dyadosphere radius accordingly. The second one (dotted line) fixes the dyadosphere radius to its
correct value, and assumes an uniform energy density over the dyadosphere volume. The total
energy in the dyadosphere is of course the same in both cases. The solid curve represents the real
energy density profile.
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Below we shall concentrate on the dynamical evolution of the electron-positron
plasma created in the dyadosphere. We shall first examine in the next three sections
the governing equations necessary to approach such a dynamical description.

3. The Hydrodynamics and the Rate Equations for the Plasma of
et e~ -Pairs

The evolution of the ete™-pair plasma generated in the dyadosphere has been
treated in two papers.*®49 We recall here the basic governing equations in the most
general case in which the plasma fluid is composed of ete~-pairs, photons and
baryonic matter. The plasma is described by the stress-energy tensor

T" = pg"” + (p+ p)UHU", (14)

where p and p are respectively the total proper energy density and pressure in the
comoving frame of the plasma fluid and U* is its four-velocity, satisfying

9u(U*)? + grr(U")? = -1, (15)

where U™ and U? are the radial and temporal contravariant components of the
four-velocity.

The conservation law for baryon number can be expressed in terms of the proper
baryon number density np:

(nsU")y = g7 % (92n50") ,
1
= (npU" ¢+ + T—Q(r2nBUT),T =0. (16)

The radial component of the energy—momentum conservation law of the plasma
fluid reduces to

op 0 ) 19, )
o+ 3 (0 +PUT) + o (r*(p + p)U'U:)
_1 8gtt t\2 agrr ™2
St 0)| 2wty + Xy <o, (17)

The component of the energy-momentum conservation law of the plasma fluid
equation along a flow line is

UH(TW/);V = _(PUV);V _p(UV);V

—g % (g*0U") , —pg % (97U"),,

1 1
= (pU" .+ + T—Q(r2pUT)7,~ +p|(UY): + T—Q(T2U”),T =0. (18)

Defining the total proper internal energy density € and the baryonic mass density
pp in the comoving frame of the plasma fluid,

€E=p—pB, pB = npmc?, (19)
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and using the law (16) of baryon-number conservation, we have from Eq. (18):
(eU")w +p(U") = 0. (20)

Recalling that dV/dr = V(U*),,, where V is the comoving volume and 7 is the
proper time for the plasma fluid, we have along each flow line

d(Ve) v dFE av

ar Par T o Par T
where F = Ve is the total proper internal energy of the plasma fluid. We express
the equation of state by introducing a thermal index I'(p, T")

0, (21)

r=1+2. (22)
€

We now turn to the second set of governing equations describing the evolution
of the eTe™ pairs. Letting n.- and n.+ be the proper number densities of electrons
and positrons associated with pairs and n’;, the proper number densities of ionized
electrons, we clearly have

b _
Ne— = Net+ = Npair » Ne- = Zng, (23)

where npair is the number of ete™ pairs and Z the average atomic number % <
Z <1 (Z =1 for hydrogen atom and Z = % for general baryonic matter). The rate
equation for electrons and positrons gives,

(10U = (10U + 5 (0 U

= 0] (ne- (1) + b (D)0 (T) — (ne- 4 I, (24)
(ne- UM = (ne-U") 4 + 5 (- U,

= [ (D)nes (T) — ne-ne-], (25)

1
(02 UP)y = (02U + (20 U7),

= ﬂ[nlé, (T)ne+ (T) — nle)—ne+] , (26)
where o0 is the mean of the product of the annihilation cross-section and the ther-
mal velocity of the electrons and positrons, n.+(7T') are the proper number densities
of electrons and positrons associated with the pairs, given by the appropriate Fermi
integrals with zero chemical potential, and nZ,(T) is the proper number density
of ionized electrons, given by appropriate Fermi integrals with non-zero chemical

potential p. at an appropriate equilibrium temperature 7. These rate equations
can be reduced to

1
(nexU"); = (nex Ut),t + r—Q(T'2'I'Le:t U,

= 0 [ne (T)nes (T) = ne-ne+] (27)
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1
(nle)f Ur)p = (”Z* Ut)yt + T_g(ﬁnlé* U")»=0, (28)
b
Nex n.- (1)
1 = = £ . 2
rac nes (1) ng (29)

Equation (28) is just the baryon-number conservation law (16) and (29) is a rela-
tionship satisfied by n.+,ne+(T) and n2_,n?_(T).

The equilibrium temperature T' is determined by the thermalization processes
occurring in the expanding plasma fluid with a total proper energy density p

governed by the hydrodynamical equations (16)—(18). We have

p=py+per +pe- + 0l +pB, (30)

where p, is the photon energy density, pp ~ mpc®np is the baryonic mass den-

sity which is considered to be nonrelativistic in the range of temperature T under
consideration, and p.+ is the proper energy density of electrons and positrons pairs
given by

Net

Pet = neT(T,)pei (T)7 (31)

where n.+ is obtained by integration of Eq. (27) and p.+ (T') is the proper energy
density of electrons (positrons) obtained from zero chemical potential Fermi inte-
grals at the equilibrium temperature 7'. On the other hand p’e’, is the energy density
of the ionized electrons coming from the ionization of baryonic matter

b

b e- b (p
= = _ 32
pe nle;_ (T) pe ( ) Y ( )
where n®_ is obtained by integration of Eq. (28) and p.- (T') is the proper energy

density of ionized electrons obtained from an appropriate Fermi integral of non-zero
chemical potential p. at the equilibrium temperature 7.

Having intrinsically defined the equilibrium temperature T in Eq. (30), we can
also analogously evaluate the total pressure

P =Py +Pet + Do + Do + DB, (33)
where p, is the photon pressure, p.+ and ple’, are given by
Net
=—= T 34
pei ne:t (T)pej:( ) Y ( )
b no_
Pe- = 5 Pe- (T)- (35)
n_(T)

The pressures p,« (T') are determined by zero chemical potential Fermi integrals,
and p’;_ (T) is the pressure of the ionized electrons, evaluated by an appropriate
Fermi integral of non-zero chemical potential u. at the equilibrium temperature
T. In Eq. (33), the ion pressure pp is negligible by comparison with the pressures
Py,e+,e~ (T'), since baryons and ions are expected to be nonrelativistic in the range
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of temperature T under consideration. Finally using Egs. (30) and (33) we compute
the thermal factor I' of the equation of state (22).

It is clear that the entire set of equations considered above, namely Eqgs. (16)—
(18) with equation of state given by Eq. (22) and the rate equation (27), have to
be integrated satisfying the total energy conservation for the system. The bound-
ary conditions adopted here are simply purely ingoing conditions at the horizon
and purely outgoing conditions at radial infinity. The calculation is initiated by
depositing a proper energy density (11) between the Reissner—Nordstrém horizon
radius r4 and the dyadosphere radius rqs, following the approximation presented
in Fig. 15 The total energy deposited is given by Eq. (12).

4. The Equations Leading to the Relative Space—Time
Transformations

In order to relate the above hydrodynamic and pair equations with the observations
we need the governing equations relating the comoving time to the laboratory time
corresponding to an inertial reference frame in which the EMBH is at rest and
finally to the time measured at the detector, which must also include the effect of
the cosmological expansion. These transformations have been the objective of the
relative space—time transformations (RSTT) Paradigm.!

For signals emitted by a pulse moving with velocity v in the laboratory frame,*
we have the following relation between the interval of arrival time At, and the
corresponding interval of laboratory time At (see Fig. 2):

Ry — R
Ata—<t0+At+ > T>—<t0+?°>—At—£. (36)

For simplicity in what follows we indicate by ¢, the interval of arrival time mea-
sured from the reception of a light signal emitted at the onset of the gravitational
collapse. Analogously, ¢ indicates the laboratory time interval measured from the
time of the gravitational collapse. In this case, Eq. (36) can be written simply as

t
v(t)dt +r
ta:t—f:t——fo t) & (37)
c c

where the dyadosphere radius rqs is the value of r at ¢ = 0. We consider here only
the photons emitted along the line of sight from the external surface of the pulse.
The arrival time spreading due to the angular dependence and that due to the
thickness of the pulse will be considered elsewhere.’”*® The solution of Eq. (37)

has the expansion:

1

to=t— Ly 222

c 20t2_”" (38)

so the relation between ¢, and t is in general highly nonlinear.
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If and only if the expansion of the pulse is such that r(¢) = vt with v ~ ¢, Eq. (37)
can be written, neglecting rqs, in the following simplified form (see Fig. 10):

v, -0+t
ta_t<1 C>—t e S (39)

This formula has been uncritically and widely applied in all articles dealing with
GRB:s. It is clear, however, that the knowledge of t,, which is indeed essential for
any physical interpretation of GRB data, depends on the definite integral given in
Eq. (37) whose integration limits in the laboratory time extend from the onset of
the gravitational collapse to the time ¢ relevant for the observations. Such an inte-
gral is not generally expressible as a simple linear relation or even by any explicit
analytic relation since we are dealing with processes with variable gamma factor
unprecedented in the entire realm of physics (see Figs. 9 and 10). Any linear approx-
imation of the kind given in Eq. (39) with v constant or changing with time’® misses
a crucial feature of the GRB process and is therefore erroneous in this context.

To relate the time in the laboratory frame to the time in the detector frame
we have to do one additional step: the two frames are related by a transformation
which is a function of the cosmological expansion. We recall that the geometry of
the space—time of the universe is described by the Robertson—Walker metric:

dr?
1—kr?

ds* = dt* — R*(t) ( +7r2d9? + r?sin® 9 d<p2> : (40)
where R (t) is the cosmic scale factor and k is a constant related to the curvature
of the three-dimensional space (k = 0, +1, —1 corresponds to flat, close and open
space respectively). The wavelength of an electromagnetic wave travelling from the
point Pi(t1,71,91, 1) to the point Py(to, ro, Yo, vo) where the observer is located
is related to the red-shift parameter z by

Ao — A1
7= ——,
A1
where )\ is the wavelength of the radiation for the observer and A; for the emitter.
We have the following general relation:

(41)

L2 = (14 2)(1+ 2)(1+2), (42)

where z is the total redshift due to the motion of the source zs, the motion of the
observer z, and the cosmological redshift z,,. In the following we will assume z, < 1
and z; < 1 so that z = z,,. In terms of the scale factor R(¢) the relation (41) gives

X Rito)

20 w1
A R(t1)

=14+z=

=2 (43)

where w; and wy are the frequencies associated to A\; and Ao respectively. This

frequency ratio then relates the time elapsing at the source with the time elapsing
at the detector due to the cosmological expansion.
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We can now define the corrected arrival time % measured at the detector, which

is related to t, by

t = tu(1+2), (44)
where z is the cosmological redshift of the GRB source. In the case of GRB 991216
we have z ~ 1.00.

The observed flux is the flux which crosses the surface 4w (R (to)r)? but this flux
is lower by a factor 1+ z due to the redshift energy of the photons and by another
factor 1 4+ z due to the fact that the number of photons at reception is less than
the number at emission. Thus we can define a luminosity distance by

d2 = REr* (14 2)2. (45)

Then the observed flux is related to the absolute luminosity of the GRB by the
following relation

L

where the luminosity distance dj, is simply related to the proper distance d, = Ror
by dr, = dp(1 + z). The observed total fluence f is related to the total energy E of
the GRB by the following relation:

E(1+z)
=— 47
f 4rd? (47)
Then the cosmological effect is taken into account by the definition of the proper
distance Ror which depends on the cosmological parameters: the Hubble constant
Hy =R (tp) /R (to) at time ¢y and the matter density pg or Qs = po/perit, Where
Pcrit = 3H§/87‘(‘G

The computation of the proper distance is then simply given by the relation:

c [* dz
=) T )

where F(2) = /Qun(1 4 2)3.

In the case of the Friedman flat universe, )y = 1 and we have

d(z) = 12{—2 [1 _ M%} . (49)

So the measurement of the redshift gives us the luminosity distance via a cos-
mological scenario. With the measurement of the flux we can deduce the proper
luminosity of the burst and from the measurement of the total fluence the total
energy so we are then able to find the Eqy,.
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5. The Numerical Integration of the Hydrodynamics and the
Rate Equations

5.1. The Livermore code

A computer code”®” has been used to evolve the spherically symmetric general
relativistic hydrodynamic equations starting from the dyadosphere.*®
We define the generalized gamma factor v and the radial 3-velocity in the lab-

oratory frame V":

T UT
V=VIHUT, V=g (50)

From Egs. (5) and (15), we then have

1 1
U2 = —— (14 g, (U")?) = =~2. 51
(U = =+ U7 = 237 61
Following Eq. (19), we also define
E=ey, D=ppy, and p=py, (52)

so that the conservation law of baryon number (16) can then be written as

oD a 0
—__ 2% pyr
ot r2 Or ( v > (53)
Equation (18) then takes the form
oF o 0 - oy ad(r? .
F a< EV)?[E*?@("VV)]- (54)

Defining the radial momentum density in the laboratory frame as
S, =a(p+p)U'U, = (D +TE)U,, (55)

we can express the radial component of the energy—momentum conservation law
given in Eq. (17) by

2
aSr — _gg(%s’rv?") _ a@

ot r2 Or or

-+ )|+ 2]

a d (r? - Op
= 725(5” ) ~ %,

(RG] e

In order to determine the number-density of ete™-pairs, we turn to Eq. (27
Defining the ete™-pair density in the laboratory frame N,+ = yn.+ and N+ (T
yne+ (T), where the equilibrium temperature T has been obtained from Egs. (30
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and (31), and using Eq. (51), we rewrite the rate equation given by Eq. (27) in the
form

ot reor
These equations are integrated starting from the dyadosphere distributions given
in Fig. 17 and assuming as usual ingoing boundary conditions on the horizon of the
EMBH.

2
ONer _ a9 (%Neiw) + FO(NZ(T) — N2) /2. (57)

5.2. The Rome code

In the following we recall a zeroth order approximation of the fully relativistic

equations of the previous section:*8

(i) Since we are mainly interested in the expansion of the ete™-plasma away from
the EMBH, we neglect the gravitational interaction.

(ii) We describe the expanding plasma by a special relativistic set of equations.

(iii) In contrast with the previous treatment where the evolution of the density
profiles given in Fig. 17 are followed in their temporal evolution leading to a
pulse-like structure, selected geometries of the pulse are a priori adopted and
the correct one validated by the complete integration of the equations given
by the Livermore codes.

In analogy to Eq. (21), from Eq. (16) we have along each flow line in the general
case in which baryonic matter is present
d(nB V)

dr

For the expansion of a shell from its initial volume AV, to the volume AV, we

- 0. (58)

obtain

ny _ AV AVy(n) (59)
ng  AVy  AVyy(r)’

where AV is the volume of the shell in the laboratory frame, related to the proper
volume AV in the comoving frame by AV = ~(r)AV, and v(r) defined in Eq. (50)
is the gamma factor of the shell at the radius r.

Similarly, from Eq. (21), using the equation of state (22), along the flow lines

we obtain
dlne+T'dlnV =0. (60)
Correspondingly we obtain for the internal energy density € along the flow lines
(&) - (50) G o
€ AV AVy Yo(r))

where the thermal index I given by Eq. (22) is a slowly-varying function with values
around 4/3. It can be computed for each value of €, p as a function of AV.
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The overall energy conservation requires that the change of the internal proper
energy of a shell be compensated by a change in its bulk kinetic energy. We then

have*8

dK = [y(r) — 1)(dE + ppdV). (62)

In order to model the relativistic expansion of the plasma fluid, we assume that
E and D, as defined by Eq. (52), are constant in space over the volume AV. As a
consequence the total energy conservation for the shell implies*®

(0 + PG (1) AV = (e + pB)7* (1) AV, (63)
which leads to the solution

(€0 + p%)AVy

(c+pp)dV (64

Y(r) =0(r)
Corresponding to Eq. (57) we obtain the equation for the evolution of the et
number-density as seen by an observer in the laboratory frame

%(Nei) = —N,+ ALV aaA_tv + ﬁ%(r) (N2:(T) — NZ) . (65)
Equations (59), (61), (64) and (65) are a complete set of equations describing the
relativistic expansion of the shell. If we now turn from a single shell to a finite
distribution of shells, we can introduce the average values of the proper internal-
energy, baryon-mass, baryon-number and pair-number densities (€, g, g, fie+ ) and
E =#¢, D = #pp, No= = ¥(r)n.+ for the PEM-pulse, where the average ¥-factor
is defined by

_ 1
=5 L. (66)

and V is the total volume of the shell in the laboratory frame. The corresponding
equations are given by Ruffini, Salmonson, Wilson & Xue in 1999.%® Having defined
all its governing equations we can now return to the description of the different eras
of the GRB phenomena.

6. The Era I: The PEM Pulse

We have assumed that, following the gravitational collapse process, a region of very
low baryonic contamination exists in the dyadosphere all the way to the remnant
of the progenitor star.

Recalling Eq. (9), the limit on such baryonic contamination, where ppg, is the
mass-energy density of baryons, is given by

r

pi. <y (r) = 32:10°( 72 2 - (—)} (g/enn) (67)

r Tds
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Near the horizon r ~ r, this gives

pB, < MpNete-(r) = 1.86- 10 <%> (g/cm®), (68)
and near the radius of the dyadosphere rqs:
2
pB, K Myt (r) = 3.2-10° {1 - <L> ] (g/cm®). (69)
Tds r—Tds

Such conditions can be easily satisfied in the collapse to an EMBH, but not neces-
sarily in a collapse to a neutron star.

Consequently we have solved the equations governing a plasma composed solely
of eTe™-pairs and electromagnetic radiation, starting at time zero from the dyado-
sphere configurations corresponding to constant density in Fig. 17. The Livermore
code?® has shown very clearly the self organization of the expanding plasma in a
very sharp pulse which we have defined as the pair-electromagnetic pulse (PEM
pulse), in analogy with the EM pulse observed in nuclear explosions. In order to
further examine the structure of the PEM pulse with the simpler procedures of
the Rome codes we have assumed®® three alternative patterns of expansion of the
PEM pulse on which to try the simplified special relativistic treatment and then
compared the results with the fully general relativistic hydrodynamical results:

e Spherical model: We assume the radial component of the four-velocity U, (r) =
Ur/R, where U is the radial component of the four-velocity at the moving outer
surface r = R(t) of the PEM pulse and the §-factor and the velocity V,. are

i = g 200+ UDE U+ U @+ VIF D)), Vo= (10)

This distribution expands keeping a uniform density profile which decreases with
time similar to a portion of a Friedmann Universe.

e Slab 1: We assume U(r) = U, = const, the constant width of the expanding slab
D = Ry in the laboratory frame of the PEM pulse, while 4 and V. are

i=VIFTR V= (71)

This distribution does not need any averaging process.
e Slab 2: we assume a constant width Ry — Ry = Ry of the expanding slab in the

comoving frame of the PEM pulse, while 4 and V,. are
U,
¥ =1+ U2(7), VT:?T, (72)

This distribution needs an averaging procedure and R; < 7 < Rg, i.e. 7 is an
intermediate radius in the slab.

These different assumptions lead to three different distinct slopes for the mono-
tonically increasing -factor as a function of the radius (or time) in the labora-
tory frame, having assumed for the energy of dyadosphere Egy, = 3.1 x 10°* erg

157



212  R. Ruffini et al.

]o 6 E 1T \\H‘ T T TT \\H‘ T T T TTTTT T T TTT g
F o 1-D code ]
10° = == Sphere e =
© — Slab 1 ]
104 —- Slab 2 e -
= / |
> 1000 £ E
100 & ,:
= i ~ 3
C / - ]
& ) _ ]

B ) P
i . _ ]

a -~
10 ? /,/' // E
E . - 3
E - - —
r L ]
]l 1 L \\\H‘ 1 L \\\H‘ 1 L1 \\\H‘ 1 L1111
10°¢ 1010 101! 1012 1013

Radius (cm)

Fig. 18. Gamma factor as a function of radius. Three models for the expansion pattern of the
PEM-pulse are compared with the results of the one-dimensional hydrodynamic code for an energy
of dyadosphere Egy, = 3.1 X 1054 erg. The 1-D code has an expansion pattern that strongly
resembles that of a shell with constant thickness in the laboratory frame.

(see Fig. 18). In principle, we could have an infinite number of models by defining
arbitrarily the geometry of the expanding fluid in the special relativistic treatment
given above. To find out which expanding pattern of PEM pulses is the physi-
cally realistic one, we need to compare and contrast the results of our simplified
models (performed in Rome) with the numerical results based on the hydrodynamic
Egs. (53), (54) and (56) (obtained at Livermore).*® Details of the iterative method
used to solve the special relativistic equation can be found in Ruffini, Salmonson,
Wilson & Xue.*®

It is manifest from the results (see Fig. 18) that the slab 1 approximation (con-
stant thickness in the laboratory frame) is in excellent agreement with the Livermore
results (open squares).

The remarkable validation of the special relativistic treatment of the PEM
pulse,*® allows us to easily estimate the related quantities of physical and astro-
physical interest in the model, like the ete~-pair densities as a function of the
laboratory time, the temperature of the plasma in the comoving and laboratory
frames, the reheating ratio as a function of the eTe~-pair annihilation for a variety
of initial conditions.*®
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7. The Era II: The Interaction of the PEM Pulse with the
Remnant of the Progenitor Star

The PEM pulse expands initially in a region of very low baryonic contamination
created by the process of gravitational collapse. As it moves further out the baryonic
remnant (see Fig. 1) of the progenitor star is encountered. As discussed in Sec. 21
below, the existence of such a remnant is necessary in order to guarantee the overall
charge neutrality of the system: the collapsing core has the opposite charge of the
remnant and the system as a whole is clearly neutral. The number of extra charges
in the baryonic remnant negligibly affects the overall charge neutrality of the PEM
pulse. 7478

The baryonic matter remnant is assumed to be distributed well outside the
dyadosphere in a shell of thickness A between an inner radius ry, and an outer
radius rouy = Tin + A at a distance from the EMBH at which the original PEM
pulse expanding in vacuum has not yet reached transparency. For the sake of an
example we choose

rin = 1007y , A =107y . (73)

The total baryonic mass Mp = Npm,, is assumed to be a fraction of the dyado-
sphere initial total energy (Eqya). The total baryon-number Np is then expressed
as a function of the dimensionless parameter B given by

2
Npmyc

)
Edya

where B is a parameter in the range 1078 — 10~2 and m,, is the proton mass. We
shall see below the paramount importance of B in the determination of the features
of the GRBs. We will see in Sec. 9 the sense in which B and Eg4y, can be considered
to be the only two free parameters of the EMBH theory for the entire GRB family,
the so called “long bursts”. We shall see in Sec. 11 that for the so called “short
bursts” the EMBH theory depends on the two other parameters p, £, since in that
case B = (. The baryon number density n% is assumed to be a constant
Np
V_B )
As the PEM pulse reaches the region 1y, < r < 7out, it interacts with the
baryonic matter which is assumed to be at rest. In our simplified quasi-analytic
model we make the following assumptions to describe this interaction:

B= (74)

nYy = p% = myn%e?. (75)

e The PEM pulse does not change its geometry during the interaction.

e The collision between the PEM pulse and the baryonic matter is assumed to be
inelastic.

e The baryonic matter reaches thermal equilibrium with the photons and pairs of
the PEM pulse.

These assumptions are valid if: (i) the total energy of the PEM pulse is much
larger than the total mass-energy of baryonic matter Mp, 1078 < B < 1072,
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(ii) the ratio of the comoving number density of pairs and baryons at the moment
of collision ne+.- /n% is very high (e.g., 10° < ng+.- /n% < 10'?), and (iii) the PEM
pulse has a large value for the gamma factor (100 < 7).

In the collision between the PEM pulse and the baryonic matter at rou >
r > rin, we impose total conservation of energy and momentum. We consider the
collision process between two radii ro,r; satisfying roue > 72 > r1 > ryy and
r9 —r1 <€ A. The amount of baryonic mass acquired by the PEM pulse is

AM = Aé—;%(rg —rd), (76)

where Mp/Vp is the mean-density of baryonic matter at rest. The conservation of
total energy leads to the estimate of the corresponding quantities before (with “0”)
and after such a collision

AM
(T& + p% )7 Vo + AM = (I‘E—i— pp+ =+ FAE) 72V, (77)

where A€ is the corresponding increase of internal energy due to the collision.
Similarly the momentum-conservation gives

AM
(T + p%)FUVo = <F€+ pp+——+ FA€>f‘yUTV, (78)

where the radial component of the four-velocity of the PEM pulse is U? = /42 — 1
and I is the thermal index. We then find

_ 1 _ _ ’VQUOVO o AM
Ae = —|(T 0 r _(r
= 5| e+ A R - (reron+ 5 )| (19
_ a Yo AM
- =, 2% . 80
TS Vaot YT U T et )l (80)

These equations determine the gamma factor 4 and the internal energy density
€ = €9 + A€ in the capture process of baryonic matter by the PEM pulse.

The effect of the collision of the PEM pulse with the remnant leads to the
following results?® as a function of the B parameter defined in Eq. (74):

(1) An abrupt decrease of the gamma factor given by
B 1+ B
Yeoll = Y0 \/702(23 B 1 )
where v is the gamma factor of the PEM pulse prior to the collision and B is
given by Eq. (74).
(2) An increase of the internal energy in the comoving frame FE.o developed in the
collision given by

E 22B+ B?)+1 1

o _ VWRBFB)+1_ (— +B>. (82)
Eyaya Yo Yo

(3) A corresponding reheating of the plasma in the comoving frame but not in the

(81)

laboratory frame, an increase of the number of eTe™ pairs and correspondingly
an overall increase of the opacity of the pulse. See details in Sec. 10.
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8. The Era III: the PEMB Pulse

After the engulfment of the baryonic matter of the remnant the plasma formed
of eTe™-pairs, electromagnetic radiation and baryonic matter expands again as a
sharp pulse, namely the PEMB pulse. The calculation is continued as the plasma
fluid expands, cools and the e*e™ pairs recombine until it becomes optically thin:

/Rdr(nei + Znp)or ~ 0O(1), (83)

where o7 = 0.665 - 1072* ¢cm? is the Thomson cross-section and the integration
is over the radial interval of the PEMB pulse in the comoving frame. We have
first explored the general problem of the PEMB pulse evolution by integrating
the general relativistic hydrodynamical equations with the Livermore codes, for a
total energy in the dyadosphere of 3.1 x 105* erg and a baryonic shell of thickness
A = 10rgs at rest at a radius of 100rqs and B ~ 1.3 - 1074,

In total analogy with the special relativistic treatment for the PEM pulse, pre-
sented in Sec. 6 (see also Ruffini, Salmonson, Wilson & Xue?®), we obtain for the
adiabatic expansion of the PEMB pulse, in the constant-slab approximation de-
scribed by the Rome codes, the following hydrodynamical equations with pg # 0:

ny v Vy

A Vo o e
o _ (VN _ (YY) (2) (55)
e \Ww) W Yo)
__[(Te& + p%)Vo
d 10V 1
a(Nei) —Nex 555 + ﬁ¥(1\73i (T) — N2). (87)

In these equations (r > royt) the comoving baryonic mass and number densities
are pp = Mp/V and i = Np/V, where V is the comoving volume of the PEMB
pulse.

We compare and contrast (see Fig. 5) the bulk gamma factor as computed from
the Rome and Livermore codes, where excellent agreement has been found. This
validates the constant-thickness approximation in the case of the PEMB pulse as
well. On this basis we easily estimate a variety of physical quantities for an entire
range of values of B.

For the same EMBH we have considered five different cases: a shell of baryonic
mass with (1) B ~ 1.3-10%; (2) B~ 3.8-107%; (3) B ~ 1.3-1073; (4) B ~ 3.8-:1073;
(5) B ~1.3-1073). The results of the integration, given in detail in 2000 by Ruffini,
Salmonson, Wilson & Xue,*® show that for the first parameter range the PEMB
pulse propagates as a sharp pulse of constant thickness in the laboratory frame, but
already for B ~ 1.3 - 102 the expansion of the PEMB pulse becomes much more
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Fig. 19. The gamma factor (the solid line) at the transparent point is plotted as a function of
the B parameter. The asymptotic value (the dashed line) Eqya/(Mpc?) is also plotted.

complex and the constant-thickness approximation ceases to be valid (see Ruffini,
Salmonson, Wilson & Xue?? for details).

It is particularly interesting to evaluate the final value of the gamma factor of
the PEMB pulse when the transparency condition given by Eq. (83) is reached as
a function of B (see Fig. 19). For a given EMBH, there is a mazimum value of the
gamma factor at transparency. By further increasing the value of B the entire Eqy,
is transferred into the kinetic energy of the baryons (see also Sec. 11). Details are
again given in Ruffini, Salmonson, Wilson & Xue.*?

In Fig. 20 we plot the gamma factor of the PEMB pulse versus the radius for
different amounts of baryonic matter. The diagram extends to values of the radial
coordinate at which the transparency condition given by Eq. (83) is reached. The
“asymptotic” gamma factor

(88)

is also shown for each curve. The closer the gamma value approaches the “asymp-
totic” value (88) at transparency, the smaller the intensity of the radiation emit-
ted in the burst and the larger the amount of kinetic energy left in the baryonic
matter.
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Fig. 20. The gamma factors are given as functions of the radius in units of the dyadosphere
radius for selected values of B for the typical case Eqy, = 3.1 x 1054 erg. The asymptotic values
Yasym = Edya/(MBcz) = 10%, 103, 102 are also plotted. The collision of the PEM pulse with the
baryonic remnant occurs at r/rqs = 100 where the jump occurs and the PEMB pulse starts.

9. The Identification of the Free Parameters of the EMBH Theory

Within the approximation presented in Sec. 2 the EMBH is characterized by two
parameters: p and €. The energy of the dyadosphere is expressed in terms of these
two parameters by Eq. (12).

There is an entire family of EMBH solutions with different values of p and &
corresponding to the same value of Eqy, (see Fig. 16). These solutions are physically
different with respect to the density of electron-positron pair distributions given by
Eq. (9), as well as to their energy density given by Eq. (11). A clear example of
such a degeneracy is given in Fig. 21 where the two limiting energy density profiles
approximating the dyadosphere as introduced in Fig. 17 are given for three different
EMBH configurations corresponding to the same value of Egy, = 3.1 x 105 erg.
The three configurations correspond respectively to the three different pairs (i, £):
(10,0.76), (102,0.27), (103,0.10).

The corresponding dynamical evolution of the PEM pulse introduced in Sec. 6
and in Ruffini, Salmonson, Wilson & Xue®® is clearly different in the three cases.
It is remarkable that when the collision with the remnant of the progenitor star
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Fig. 21. Three different dyadospheres corresponding to the same value of Eqy, = 3.1 X 1054 erg
and with different values of the two parameters p and £ are given. The three different configurations
are markedly different in their spatial extent as well as in their energy-density distribution.
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Fig. 22. The temperature of the plasma during the PEM pulse and PEMB pulse eras, measured
in the laboratory frame, corresponding to the three configurations presented in Fig. 21 is given
as a function of the laboratory time. The three different curves converge to a common one in the
PEMB pulse era, which is therefore only a function of the Egy, and B. The difference among
the three curves in the early part of the PEMB pulse follows from having located the baryonic
matter at a distance of 50(rqs — r4 ), which is different in the three cases. Such difference become
negligible at large distances in the later phases of the evolution.

is considered all these differences disappear. As usual (see Sec. 7) we describe the
baryonic content of the remnant by the parameter B. The PEMB pulse generated
after the collision with the baryonic matter depends uniquely on the two parameters
Eg4ys and B. In Fig. 22 the temperature in the laboratory frame is given for the PEM
pulse and the PEMB pulse corresponding to the three configurations of Fig. 21 and
B =4x1073. It is clear that while for the PEM pulse era the three configurations
are markedly different, they do converge to a common behaviour in the PEMB
pulse era.

If we turn now to the effect of the distance between the EMBH and the baryonic
remnant, we see that this degeneracy is further extended: while the three PEM
pulse eras are quite different, the common PEMB pulse era is largely insensitive
to the location of the baryonic remnant (see Fig. 23). We have plotted the three
gamma factors in the PEM pulse era corresponding to the different configurations
of Fig. 21 and B = 1072, in the two cases the baryonic remnant is positioned at
different distances from the EMBH.
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Fig. 23. The gamma factors for the three configurations considered in Fig. 21 are given as a
function of the radial coordinate in the laboratory frame. The two figures correspond to a baryonic
remnant positioned respectively at i, = 50(rqs — r+) (above) and at 7, = 5(rqs — r+). Again
the convergence to a common behaviour, uniquely a function of Eq4y, and B for the late stages of
the PEMB pulse, is manifest.
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If the PEM pulse has reached extreme relativistic regimes, the common value
Yeoll to which the three gamma factors drop in the collision with the baryonic matter
of the remnant can be simply expressed by the large gamma limit of Eq. (81):

_ B+1
’Ycoll—ma

while the internal energy FE.on developed in that collision is simply given by the
corresponding limit of Eq. (82)

ECO
! — _B++VB2+2B. (90)

Edya

(89)

This approximation applies when the final gamma factor at the end of the PEM
pulse era is larger than 7.on (upper panel in Fig. 23).

Turning from these general considerations to the GRB data, this degeneracy in
the PEMB pulse eras and their dependence on only two parameters Fqy, and B
have far reaching astrophysical implications for the identification of the source of
GRBs. As we will see in the conclusions all the information obtainable from GRBs
with a large value of the parameter B will lead to the determination of the above
two parameters. An entire family of degenerate astrophysical solutions in the range
of charges and masses given in Fig. 16 are possible. The direct knowledge of the
mass and charge of the EMBH can only be gained from the PEM pulse or from
GRBs with very small values of B — the so called “short bursts” (see Sec. 11 and
the conclusions).

10. The Approach to Transparency: The Thermodynamical
Quantities

As the condition of transparency expressed by Eq. (83) is reached the injector phase
terminates. The electromagnetic energy of the PEMB pulse is released in the form
of free-streaming photons — the proper GRB. The remaining energy of the PEMB
pulse is released as an accelerated-baryonic-matter (ABM) pulse.

We now proceed to the analysis of the approach to the transparency condition.
It is then necessary to turn from the pure dynamical description of the PEMB
pulse described in the previous sections to the relevant thermodynamic parameters.
Also such a description at the time of transparency needs the knowledge of the
thermodynamical parameters in all previous eras of the GRB.

As above we shall consider as a typical case an EMBH of Eqy, = 3.1 x 10°* erg
and B = 10~2. We will refer to a dyadosphere configuration described by the two
limiting approximations shown in Fig. 17.

One of the key thermodynamical parameters is represented by the temperature
of the PEM and PEMB pulses. It is given as a function of the radius both in the
comoving and in the laboratory frames in Fig. 24. Before the collision the PEM
pulse expands keeping its temperature in the laboratory frame constant while its
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Fig. 24. The temperature of the plasma in the comoving frame 7" (MeV) (the solid line) and in
the laboratory frame 47" (the dashed line) are plotted as functions of the radius in the unit of
the dyadosphere radius rqys.

temperature in the comoving frame falls.*® In fact Eqgs. (63) and (64) are equiv-
alent to
d(ey?V)
dt
where the baryon mass-density is pp = 0 and the thermal energy-density of photons
and etTe -pairs is € = ogT*(1 + f.+.-), op is the Boltzmann constant and f.+.-
is the Fermi-integral for e and e~. This leads to

=0, (91)

€y?V = Eqya, T*y?V = const. (92)
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Since et and e~ in the PEM pulse are extremely relativistic, we have the equation
of state p ~ €/3 and the thermal index (22) having the value I' ~ 4/3 in the
evolution of PEM pulse. Equation (92) is thus equivalent to

T35V ~ const. (93)

These two equations (91) and (93) result in the constancy of the laboratory tem-
perature T in the evolution of the PEM pulse.

It is interesting to note that Eqgs. (92) and (93) hold as well in the cross-over
region where T' ~ m.c? and ete~ annihilation takes place. In fact from conservation
of entropy it follows that asymptotically we have

(Vvizj?))T<mec2 o 1_1
VT romer 4

exactly for the same reasons and physics scenario discussed in the cosmological
framework by Weinberg, see e.g. Eq. (15.6.37) of Weinberg (1972). The same con-
siderations when repeated for conservation of the total energy eyV = ey2V following
from Eq. (91) which then lead to

(VT4’7)T<mec2 o E

= . 95
(VT4')/>T>mec2 4 ( )

The ratio of these last two quantities gives asymptotically

To = (T'Y)T>me62 = (TV)T<mEc2 s (96)

where Tp is the initial average temperature of the dyadosphere at rest.

During the collision of the PEM pulse with the remnant we have an increase in
the number density of eTe™ pairs (see Fig. 25). This transition corresponds to an
increase of the temperature in the comoving frame and a decrease of the temperature
in the laboratory frame as a direct effect of the dropping of the gamma factor (see
Fig. 20).

After the collision we have the further acceleration of the PEMB pulse (see
Fig. 20). The temperature now decreases both in the laboratory and the comoving
frame (see Fig. 24). Before the collision the total energy of the eTe™ pairs and the
photons is constant and equal to Eqy,. After the collision

(94)

Edya = EBaryons + Eete- + Ephotons ’ (97)

which includes both the total energy E.+.- + Ephotons 0f the nonbaryonic compo-
nents and the kinetic energy Eparyons Of the baryonic matter

EBaryons - ﬁBV(;)/ - ]-) . (98)

In Fig. 26 we plot both the total energy E.+.- + Ephotons Of the nonbaryonic
components and the kinetic energy Eparyons Of the baryonic matter as functions of
the radius for the typical case Eqy, = 3.1 x 105 erg and B = 10~2. Further details
are given in Ruffini, Salmonson, Wilson & Xue.*?
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Fig. 25. The number densities n +,— (T') (the solid line) computed by the Fermi integral and
N +.— (the dashed line) computed by the rate equation (see Sec. 3) are plotted as functions of
the radius. T/ < mec?, two curves strongly divergent due to et e~ -pairs frozen out of the thermal
equilibrium. The peak at r ~ 100745 is due to the internal energy developed in the collision.

11. The P-GRBs and The “Short Bursts”. The End of the
Injector Phase

We now analyze the approach to the transparency condition given by Eq. (83). For
selected values of B we give the energy Fp.grp of the P-GRB, and Eparyons 0Of the
ABM pulse. We clearly have

Edya = EP—GRB + EBaryons . (99)
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Fig. 26. The energy of the non-baryonic components of the PEMB pulse (the solid line) and the
kinetic energy of the baryonic matter (the dashed line) in the unit of the total energy are plotted
as functions of the radius in the unit of the dyadosphere radius rqs.

Taking into account the results shown in Figs. 24-26, we can repeat all the
considerations for selected values of B. We shall examine values of B ranging from
B = 1072 only up to B = 10~2: for larger values of B our constant slab approxi-
mation breaks down. We will see in the following that this range does indeed cover
the most relevant observational features of the GRBs.

As clearly shown in Fig. 20 both the final value of the gamma factor and
the radial coordinate at which the transparency condition is reached depend very
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strongly on B. Therefore a strong dependence on B is also found in the relative
values of Ep.grB and EBaryons-

We are now finally ready to give in Fig. 6 the crucial diagram representing the
values of Ep.grp and EBaryons i units of the Eg4y, as functions of B. This diagram,
a universal one, is very important and is essential for the understanding of the GRB
structure.

We find that for small values of B (around 10~8) almost all the Eqy, is emitted
in the P-GRB (see also our previous paper Ruffini, Salmonson, Wilson & Xue*®)
and very little energy is left in the baryons. While for B ~ 10~2 roughly only 10~2
of the total initial energy of the dyadosphere is radiated away in the P-GRB and
almost all energy is transferred to the baryons.

This behaviour is at the heart of the fundamental difference between the so
called short bursts and long bursts. We have proposed? that the short bursts must
be identified with the P-GRBs in the case of very small B. There are a variety of
reasons supporting this identification:

(1) For small values of B, Egaryons is negligible (see Fig. 6), and consequently
the intensity of the afterglow is also negligible and the entire energy gy, is
released into the P-GRB. This is clearly consistent with the absence of observed
afterglows in the short bursts.

(2) The temperature of the P-GRB in the laboratory frame 4T at the transparency
point is a strongly decreasing function of B (see Fig. 7). 4T is related to the
energy corresponding to the peak of the photon-number spectrum, as described
in Ruffini, Salmonson, Wilson & Xue.*® This is also in very good agreement
with the observed decrease of the hardness ratio between the short bursts and
the long bursts.™

(3) The time Tyo, the duration where 90% of the energy emission as used in the cur-
rent literature and discussed in Ruffini, Salmonson, Wilson & Xue*® is plotted
in Fig. 27 for selected values of Egy, and for different values of B.

Before concluding a word of caution is needed on how to use the above results:
all these considerations are based on the drastic approximations in the description
of the dyadosphere presented in Sec. 2 (see also Fig. 21). This treatment is very
appropriate in estimating the general dependence of the energy of the P-GRB, the
kinetic energy of the ABM pulse and consequently the intensity of the afterglow.
Especially powerful is the establishment of the dependence of Ep_crp and Egaryons
on B (see Fig. 6). As we will see in the next sections, this approximation is similarly
powerful in determining the overall time structure of the GRB and especially the
time of the release of the P-GRB with respect to the moment of gravitational
collapse and the afterglow.

If, however, we turn to the detailed temporal structure of the P-GRB and its
detailed spectral distribution, it is clear that the approximations given in Sec. 2 is
no longer valid. The detailed description of the formation of the dyadosphere as
qualitatively expressed in Fig. 40 is now needed in all mathematical rigour with the
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Fig. 27. The duration computed with the Tyg criterion is represented as a function of the B
parameter for three selected EMBH’s respectively with Eqy, = 4.4x10°2 erg, Eqy, = 3.1x10%* erg
and Eqy, = 4.1 X 1058 erg, going from the lower curve to the upper one.

full development of all its governing equations. Progress in this direction is being
71774 This situation, however, provides a unique opportunity
to follow in real time the general relativistic effects of the approach to the EMBH
horizon as it occurs. In other words all direct general relativistic effects of the GRBs
are encoded in the fine structure of the P-GRB. For the reasons given in Sec. 9
the information on the EMBH mass and charge can only come from the short
bursts.

made at this moment

This terminates the injector phase. We now turn to the Beam-Target phase in
which the ABM pulse collides with the interstellar medium target and the after-
glow is generated. We shall in the following sections review the basic theoretical
treatment necessary for the description of these remaining eras and proceed then
to the confrontation of the EMBH theory with the data.

12. The Era IV: The Ultrarelativistic and Relativistic Regimes in
the Afterglow

In the introduction we have already expressed the basic assumptions which we
have adopted for the description of the collision of the ABM pulse with the ISM.
In analogy and by extension of the results obtained for the PEM and PEMB pulse
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cases, we also assume that the expansion of the ABM pulse through the ISM
occurs keeping its width constant in the laboratory frame, although the results
are quite insensitive to this assumption. We assume then that this interaction can
be represented by a sequence of inelastic collisions of the expanding ABM pulse
with a large number of thin and cold ISM spherical shells at rest with respect
to the central EMBH. Each of these swept up shells of thickness Ar has a mass
A Migp, and is assumed to be located between two radial distances r1 and ro (where
ro — 11 = Ar < r1) in the laboratory frame. These collisions create an internal
energy AFint.

We indicate by Ae the increase in the proper internal energy density due to
the collision with a single shell and by pp the proper energy density of the swept
up baryonic matter. This includes the baryonic matter composing the remnant
around the central EMBH, already swept up in the PEMB pulse formation, and
the baryonic matter from the ISM swept up by the ABM pulse:

_ (Mp + Mism)62
PB= "

Here V is the ABM pulse volume in the comoving frame, Mp is the mass of the

baryonic remnant and Mgy, is the ISM mass swept up from the transparency point

(100)

through the r in the laboratory frame:
4
Mism - mpnism? (TB - TOS) ) (101)
where m,, the proton mass and nisy, the number density of the ISM in the laboratory
frame.
The energy conservation law in the laboratory frame at a generic step of the

collision process is given by

V; AZw’ism 2
931712]}1 + AMigmc® = <PB1 71 + Tc + Ae> 722]/2 ) (102)
2 2

where the quantities with the index “1” are calculated before the collision of the
ABM pulse with an elementary shell of thickness Ar and the quantities with “2”
are calculated after the collision, 7 is the gamma factor and V the volume of the
ABM pulse in the laboratory frame so that V = V.

The momentum conservation law in the laboratory frame is given by

V; AMismC2
PBl'YlUerl = pBl _1 + - xr + AG 72U7‘2v2 ) (103)
Va Vo
where U, = /42 —1 is the radial covariant component of the four-velocity
vector®®19 (see Eq. (50)).
We thus obtain

Y1 Url Vl Vvl AJ\Iismc2
Ae = _ —_t — 104
€ p 1 2U7~2 V2 (pBl ‘/2 + ‘/2 ) ( )
a Y A Mg c?
-4 gz, DemC 105
72 a?—1 U,  pemUn V1 (105)
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We can use for Ae the following expression

Ae — Eint2 B Eintl _ Eint1 + A-Eint B Eint1 _ A-Eint
Va 1%l Va W Va
because we have assumed a “fully radiative regime” and so Ei,;, = 0. Substituting

Eq. (105) in Eq. (104) and applying Eq. (106), we obtain:

(106)

A]\4ismc2 A]\4ismc2 ?
AEi = pp, V1 \/1 + 2 + < )

pB. V1 12: %1
AMi, 2
Vi (1 n pB—;) (107)
1
A Mismc?
71 + Al
b= N (108)

2

V Loy Al + (4hee)
These relativistic hydrodynamic (RH) equations have to be numerically integrated.

These are the actual set of equations we have integrated in the EMBH theory. In
order to compare and contrast our results with the ones in the current literature, in
Sec. 17 we have introduced the continuous limit of our equations and proceeded to
have piecewise approximate power law solutions. We examine as well in Sec. 19 still
under the above assumptions, the effects of a possible departure from homogeneity
in the interstellar medium, still keeping the average density nis, = const. Although
these inhomogeneities are not relevant for the overall behaviour of the afterglow
which we address here, they are indeed important for the actual observed flux
and its temporal structures.®° In addition these considerations are affected by the
angular spreading.®”

13. The Era V: The Approach to the Nonrelativistic Regimes in
the Afterglow

The only reason for addressing this last era is that the issue of the approach to
nonrelativistic behaviour has been extensively discussed in the literature. In our
treatment these results do not show any particular problems and the relativis-
tic equations of the previous section continue to hold. In the specific example of
GRB 991216 we will present in Sec. 17 some analytic asymptotic expansions of
these equations.

This concludes the exposition of the different eras of the EMBH theory. It goes
without saying that for the description of each era, all the preceding eras must
necessarily be known in order to determine the space—time grid in the laboratory
frame and its relation to the arrival times as seen by a distant observer. This is the
basic message expressed in the RSTT paradigm.

We can now turn to the comparison of the EMBH theory with the observational
data.
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14. The Best Fit of the EMBH Theory to the GRB 991216:
The Global Features of the Solution

For reasons already explained in the introduction, we use the GRB 991216 as a
prototype. We will then later apply the EMBH theory to other GRBs. The relevant
data of GRB 991216 are reproduced in Fig. 3: the data on the burst as recorded
by BATSE®? and the data on the afterglow from the RXTE satellite®® and the
Chandra satellite®® (see also Halpern et al.?3).

The data fitting procedure relies on three basic assumption:

(1) In the E-APE region, the source luminosity is mainly in the energy band 50—
300 KeV, so we consider the flux observed by BATSE a good approximation of
the total flux.

(2) In the decaying part of the afterglow, we assume that during the R-XTE and
Chandra observations the source luminosity is mainly in the energy band 2-
10 KeV, so we can again assume that the flux observed by these satellites is a
good approximation of the total one.

(3) We have neglected in this paper the optical and radio emissions, since they are
always negligible with respect to the X-ray and ~-ray fluxes. In fact, even in
the latest afterglow phases up to where the X-ray data are available, they are
one order of magnitude smaller then the X-ray flux.

These assumptions were initially adopted for the sake of simplicity, but have now
also been justified on the basis of the spectral description of the afterglow.®!

As already emphasized in the previous sections, in the EMBH theory there are
only two free parameters characterizing the afterglow: the energy of the dyadosphere
Egy. and the baryonic matter in the remnant of the progenitor star, parametrized
by the dimensionless parameter B. The location of the remnant has been assumed
~ 10'% cm. As discussed in Ruffini et al.' and Sec. 9, the results are rather insensitive
to the actual density and location of the baryonic component but they are very
sensitive to the value of B.49

In Fig. 8 we present the actual first results of fitting our EMBH theory to the
data from the R-XTE and Chandra satellites, corresponding to selected values of
Eqy, and B. There are three distinct features which are clearly evident as a function
of the arrival time at the detector: an initial rising part in the afterglow luminosity
which reaches a peak followed by a monotonically decreasing part.

We have then proceeded to fine tune the two parameters in Fig. 28. The main
conclusions from our model are the following:

(1) The slope of the afterglow in the region where the experimental data are present
is m = —1.6 and is in perfect agreement with the observational data. The index
n in this region is rather insensitive to the values of the parameters Eg4y. and B.
The physical reason for this universality of the slope is rather remarkable since
it depends on a variety of factors including the ultrarelativistic energy of the
baryons in the ABM pulse, the assumption of constant average density in the
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Fig. 28. Fine tuning of the best fit of the afterglow data of Chandra, RXTE as well as of the
range of variability of the BATSE data on the major burst by a unique afterglow curve leading to
the parameter values Eqy, = 4.83 X 1053 erg, B =3 x 1073,

ISM, the “fully radiative” conditions leading predominantly to X-ray emission,
as well as all the different relativistic effects described in the RSTT paradigm
(see also Sec. 17).

(2) The afterglow fit does not depend directly on the parameters p,& but only
through their combination Eqy,. Thus there is a 1-parameter family of values
of the pair (1, §) allowed by a given viable value of Eq4y, (see Fig 16 and Sec. 9).

(3) By fine tuning the parameters of the best fit of the luminosity profile and time
evolution of the afterglow the following parameters have been found:

Egya =483 x 10 erg, B =3x107%. (109)

After fixing in Eq. (109) the two free parameters of the EMBH theory, modulo
the mass-charge relationship which fixes Fg4y., we can derive all the space-time
parameters of the GRB 991216 (see Table 1) as well as the explicit dependence of
the gamma factor as a function of the radial coordinate (see Fig. 9).

Of special interest is the fundamental diagram of Fig. 10. Its role is essential
in interpreting all quantities measured in arrival time (the time of an observer in
an inertial frame at the detector) and their relations to the ones measured in the
laboratory time by an observer in an inertial frame at the GRB source. The two
times are clearly related by light signals (see Fig. 2) and expressed by the integral
Eq. (37) and are also affected by the cosmological expansion (see Sec. 4).
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Fig. 29. The distribution of the burst durations clearly shows two different classes of events: the
“short bursts” and the “long bursts” (reproduced from Paciesas et al.82).

15. The Explanation of the “Long Bursts” and the Identification
of the Proper Gamma Ray Burst (P-GRB)

Having determined the two free parameters of the EMBH theory, any other fea-
ture is a new prediction. An unexpected result soon became apparent, namely
that the average luminosity of the main burst observed by BATSE can be fitted
by the afterglow curve (see Fig. 11). This led us to the identification of the long
bursts observed by BATSE with the extended afterglow peak emission (E-APE).
The peak of this E-APE occurs at ~ 19.87 s and its intensity and time scale are
in excellent agreement with the BATSE observations.?? It is clear that this E-APE
is not a burst, but is seen as such by BATSE due to its high noise threshold.®?
Thus the outstanding unsolved problem of explaining the long GRBs32:33:40
radically resolved: the so called “long bursts” do not exist, they are just E-APEs
(see Fig. 29).

We now turn to the most cogent question to be asked: where does one find
the burst which is emitted when the condition of transparency against Thomson
scattering is reached? We have referred to this as the proper gamma ray burst
(P-GRB) in order to distinguish it from the global GRB phenomena.!%% We are
guided in this search by two fundamental diagrams (see Figs. 12 and 13):

is

(1) In Ruffini, Salmonson, Wilson & Xue*? it is shown that for a fixed value of Eqy,
the value of B uniquely determines the energy Ep.grp of the P-GRB and the
kinetic energy EBaryons of the ABM pulse which gives origin to the afterglow
(see Fig. 12). For the particular values of the parameters given in Eq. (109), we
find

Ep.arp = 7.54 x 10°! erg, EBaryons = 9.43 x 10°% erg (110)
and then:
Ep.
—PCRB _ 158 x 1072. (111)
EBaryons
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(2) One important additional piece of information comes from the differences in
arrival time between the P-GRB and the peak of the E-APE (see Fig. 13).
Using the results of this figure and the numerical values given in Table 1, we
can retrace the P-GRB by reading off the time parameters of point 4 in Fig. 9.
Transparency is reached at 21.57 s in comoving time at a radial coordinate
r = 1.94 x 10** cm in the laboratory frame and at 8.41 x 102 s in arrival time
at the detector.

All this, namely the energy predicted in Eq. (110) for the intensity of the burst
and its time of arrival, leads to the unequivocal identification of the P-GRB with the
apparently inconspicuous initial burst in the BATSE data. We have estimated from
the BATSE data the ratio of the P-GRB to the E-APE over the noise threshold to
be ~ 1072, in excellent agreement with the result in Eq. (111) (see Fig. 14).

It is important to emphasize that the diagrams in Fig. 6 and Fig. 12 are not
universal, but depend on the dyadosphere energy. The corresponding diagrams for
three selected Fqy, values (Eqya = 5.29 x 10°! erg, Fay, = 4.83 x 10°® erg and
Eaya = 4.49 x 10%° erg) are given in Fig. 30(a) where we have plotted the energy
of the P-GRB and of the E-APE as a function of B. The crossing of the intensity
of P-GRB and E-APE occurs respectively at B; = 6.0 x 107°, By = 2.5 x 1079
and B3 = 1.2 x 1075 where B; > By > Bs. In Fig. 30(b) the same quantities
are plotted as a function of the baryon mass Mp in units of solar masses and the
opposite dependence occurs: My < My < Ms.

The physical reasons beyond these results is the following. We recall that the
kinetic energy EBaryons and mass Mp of PEMB pulse are

EBaryons = (7 - 1)MB y Mp = BEdya (112)
at the crossing point defined by
1
EBaryons = EP—GRB = §Edya . (113)
From these two equations, we obtain
1 1

— 114
20— 1)~ 290 (114)

where vy is the Lorentz gamma factor of the PEMB pulse at the transparency point,
(see Sec. 10)

 AnriAy’
A; is the PEMB pulse thickness and ry the radial position at the transparency
point. In addition, from the total energy conservation, we have

(Npair + np)or ~npor =1, np (115)

(€ +np)y24mri A = const, (116)
where € is the thermal energy of the PEMB pulse. In the regime np > €, we have
Edya

~ 117
Yo Mp ) ( )
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Fig. 30. (a) The same diagram of Fig. 6 is plotted for three different Egy, values: Eqy, =

5.29 x 105! erg (dashed lines), Eqy, = 4.83 X 1053 erg (solid lines) and Egy, = 4.49 x 105° erg
(dotted lines). (b) Same as in (a) but plotted as a function of the baryonic mass Mp in units of
solar masses instead of B.
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Fig. 31. (a) The B values corresponding to the crossings in Fig. 30(a) are plotted versus Eqy,
(solid line). The function B o Ed_yla/ 4 obtained from a qualitative theoretical estimate (see
Eq. (119)) is also plotted (dashed line). (b) The Mp values corresponding to the crossings in
Fig. 30(b) are plotted versus Eqy, (solid line). The function Mp oc Ei}/, : obtained from a quali-
tative theoretical estimate (see Eq. (119)) is also plotted (dashed line).
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and in the regime np < €, we have
Yo~ To- (118)

Considering the crossing point to occur in the second regime, we obtain at the
crossing point

B~ (Eaga)” 7, Mp ~ (Baya)? . (119)

These results are plotted in Figs. 31(a) and 31(b). The agreement with the computed
results is quite satisfactory. The differences can be attributed to the approximation
adopted in Eq. (118) which is modified for high B values.

The conclusion is that for increasing Eqy, also the baryonic mass corresponding
to the cross increases, but in percentage it increases less than Egy,.

16. Considerations on the P-GRB Spectrum and the Hardness of
the Short Bursts

Regarding the P-GRB spectrum, the initial energy of the electron-positron pairs
and photons in the dyadosphere for given values of the parameters can be easily
computed following the work of Preparata, Ruffini & Xue.#” We obtain respectively
T =1.95 MeV and T = 29.4 MeV in the two approximations we have used for the
average energy density of the dyadosphere (see Sec. 9). It is then possible to follow
in the laboratory frame the time evolution of the temperature of the electron-
positron pairs and photons through the different eras (see Fig. 32). The condition
of transparency is reached at temperatures in the range of ~ 15 — 55 KeV at the
detector, in agreement with the BATSE results. We emphasize that in the limit of B
going to 1078 in which the P-GRB coincides with the “short bursts” the spectrum
of the P-GRB becomes harder, in agreement with the observational data® 80 (see
Fig. 7).

All the above are average values derived from the two approximations used
in Fig. 17. If one wishes to compare the EMBH theoretical results with the fine
temporal details of the observational data on the P-GRB, a departure from this
average approach will be needed and the fully time varying relativistic analysis
outlined in Fig. 40 applies will be further discussed in Sec. 21.

17. Approximations and Power Laws in the Description of the
Afterglow

In addition to the BATSE data, there is clearly also a perfect agreement with the
decaying part of the afterglow data from the RXTE and Chandra satellites.

We can also establish at this point a first set of conclusions on the luminosity
power law index “n” which is a function depending strongly on the transformation
t — t, — t? (see Fig. 10). In the current literature such transformations and the
corresponding n values are incorrect. OQur theoretical value ng,eo = —1.6 obtained
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Fig. 32. The temperature of the pulse in the laboratory frame for the first three eras of Fig. 1 of
Ruffini et al.l is given as a function of the laboratory time. The numbers 1, 2, 3, 4 represent the
beginning and end of each era. The two curves refer to two extreme approximations adopted in
the description of the dyadosphere. Details are given in Ruffini, Salmonson, Wilson & Xue*® and
in Sec. 9.

for spherical symmetry under fully radiative conditions and constant density of the
ISM is in agreement with observed nons = —1.616 + 0.067. No evidence of beaming
is found in GRB 991216. We shall return to this point in the conclusions.

An extremely large number of papers in the literature deal with the power law
index in the afterglow era. This issue has been particularly debated in connec-
tion with the aim of decreasing the energy requirements of GRBs by the effect of
beaming.8788 It is currently very popular to infer the existence of beaming from the
direct observations of breakings in the power-law index of the afterglow.%389797 Qur
aim here is to underline an often neglected point that the power law index of the
afterglow is the result of a variety of factors including the very different regimes in
the relation between the laboratory time ¢ and the detector arrival time ¢ presented
in Fig. 10. No meaningful statements on the values of the power-law index of the
afterglow can be made having neglected these necessary considerations expressed
in the RSTT paradigm. This becomes particularly transparent from the power law
expansion in the semi-analytic treatments we present below. It is therefore not so
surprising, as we will show in the next session, that the results obtained in the
EMBH theory differ from the ones in the current literature.
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17.1. The approximate expression of the hydrodynamic equations

We proceed to a first approximation and expand Egs. (107) and (108) to second
order in the quantity

AMismC2
— < 1. 120
o Vh (120)

We obtain the following expressions:
ABime = (11— DAMmc® — ==L (A y2e2 (121)
2 MB + Mism ’
2 2
-1 3 71— 1 2

Ay=—— = AMgn + oy ———— (AMism)?, 122
7 MB + Mism 271 (MB + Mism)2 ( ) ( )

where we set Ay = v, — 1 and have used the fact that pp, Vi = (Mp + Migm)c?. In
the limit AEi, — dFing, Ay — dvy, and AMisy — dMism, in addition to neglecting
second order terms, where

d

dMie, = 47rr2mpnismdr = 47rr2mpnismvdt, v = d—: , (123)
and where the ISM number density nisy, is assumed for simplicity to be nigy, =

1 cm ™3, we obtain:
dEin = (7 — 1)dMigmc? (124)

2
v4 -1

dy = ——————dMig, . 125
7T T M M (125)

Equations (124) and (125) are limiting cases of Taub’s hydrodynamical equa-
tions.59:60:98 They have been at times referred in the GRB literature as the
Blandford-McKee equations.”® It is clear that the application of these equations
holds if Eq. (120) applies. The behaviour of AMismc?/pp, Vi as a function of the
radius, when Mg, < Mp, is:

AMignc®  r2Ar

~ k 126
P, V1 Mg (126)

The condition Mg, < Mp holds for GRB 991216 during the entire evolution of
the system and so Eq. (120) is valid (see Fig. 33).
Equations (124) and (125) can be simply solved analytically (see e.g. Blandford
and McKee%?) we then have
(MB + Mism)2 + C

v = (Mp + Mam)?—C’ (127)

where

27 — 1
Yo +1’

where we recall that ro and g are the radial coordinate and the gamma factor at

the transparency point and Mp is the initial baryonic mass of the ABM pulse.

C=Mp

(128)
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Fig. 33. The factor AMismc2/pB1 V1 is represented as a function of the radial coordinate. It is

manifestly an increasing function.

Equation (127) is a differential equation for r (¢), namely
dr\” -2

1-1— ] = 129

() | - (128

which can be integrated analytically with solution'®

(MB + ]\4ism)2 + C
(MB + Mism)2 - C

|

0

2eVC(t —to) = (Mp — m{)(r = r0) + ;m{ro {(%)4 - 1}

(B+£) B 41

CTO
B+ (%) (B+1)°

+ 6m? B2

Crg /3 2--B 23]
3arctan —2=—— — /3 arct , (130
{ arctan B3 arctan NG (130)

* 3m? B2
= /(Mg —m?)/m? and we recall that ty is the

0 — éﬁmpnismﬁ;, B
laboratory time at the transparency point. Clearly the fulfilment of Eq. (120) has

where m; = 3
to be checked to ensure the validity of this solution.
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17.2. The approximate expression of the emitted flux

From Egs. (124) and (125), it follows that the emitted flux in the laboratory frame

is given by (see Fig. 34(a))
ar
dt

and the corresponding flux in detector arrival time (see Fig. 34(b)) by

dE [dt dE

dtg N EE] t:t(td)

= 41 nigmmpvy(y — 1), (131)

y
L P

For the solution of these equations we distinguish four different phases (A-D).
The first two correspond to Era V.

= 4T Nigmmyc> {vrQW(’y -1) (132)

Phase A

Just after the transparency condition is reached, the ISM matter involved is so
small that we can approximately neglect the Mgy, term in Eq. (127) and we have:

T~%- (133)

In the specific case of GRB 991216 we have vy = 310.1, rg = 1.94 x 10** cm,
to = 6.48 X 10° s, tq, ~ 4.21 x 1072 s and t¢ ~ 8.41 x 1072 s, where the index
“0” refers to the quantities at the transparency point. We can then establish the
following equation describing the ABM pulse motion in this phase: r () = vt with
v =~ ¢. We can than use the following relation between laboratory time and arrival
time:

27o?

t = 2v%t, = td 134
Yo 1+Za7 ( )

which is in perfect agreement with the full numerical computation (see Fig. 10).
We can substitute these equations into Egs. (131) and (132), obtaining:

dE
— x 'ygnismtz (135)
in laboratory time and
E 8 ism
2 o 0 (g2 (136)

dtd ~ (1+2)3

in arrival time, assuming y(y — 1) ~ v2. The results of the numerical integration
of Egs. (104) and (105) are in perfect agreement with these approximations (see
Fig. 34).
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Points P — the two maxima of the energy flux

Since the contribution of the ISM mass in Egs. (127) and (128) can no longer be
neglected, the value of v starts to significantly decrease (see Fig. 9) and the flux
reaches a maximum value. We integrate Eqgs. (131) and (132) using Eq. (127) for v,
assuming r(t) = vt with v ~ ¢ and Eq. (134) for the relation between the laboratory
time and the arrival time (see Figs. 35-10). We can now obtain the point where
the emitted flux reaches its maximum. In general, the location of the maximum of
the flux, point P in the paper by Ruffini et al.,! will occur at different events, if
considered in terms of the arrival time (P4) or in the laboratory time (Pr). In this
second case, the point P, is determined by equating to zero the first derivative of
Eq. (131), and we have:

2 Mp
Yp, = 5707 M

Pr

which in the case of GRB 991216 gives vp, = 206.7 and 5;

maximum of the observed flux is determined by equating to zero the first derivative
of Eq. (132). We obtain:

Mp |~ 620.2. The
1sm PL

) Mp

TPy = 6% ) Mo

~ 50, (138)
Pa

Mism
The results of the numerical integration of Egs. (104) and (105) are in perfect
agreement with these approximations (see Fig. 34).

which in the case of GRB 991216 gives yp, ~ 258.4 and 4 b = 1550.5.
A

Phase B — the “golden value” n = —1.6

In this phase 7 can no longer be considered constant and strongly decreases (see
Fig. 9). Mgy, is increasing, but v is still almost constant, equal to c¢. As a con-
sequence, we can still say that r (t) = vt with v = ¢, but the relation between
laboratory time and arrival time given in Eq. (134) is no longer valid, and also
Eq. (39) is no longer applicable in this phase (see Fig. 10). We can instead write
the following “effective” relation:

toc (19" (139)

which is a result of a best fit of the numerical data in this region. Expanding the
squares in Eq. (127), neglecting M?  with respect to M% but retaining the terms
in Migy and assuming v > 1 we obtain:

Mp 3, 3
B M ~ VP 7,3L =P t3L ’ (]‘40)
ism
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where 7p, and tp, are the values of r and ¢ at point Pr. Substituting this result
into Eq. (131), we obtain the emitted flux in the laboratory frame, given by

dE .
i Vot niemt 4, (141)

and this is in good agreement with the full numerical computation (see Fig. 34).
To obtain an analytic formula for the observed flux on the detector, we can still
try to use the approximate relation between ¢ and t? given by Eq. (39):

2
t = 2y(t)%t, = 2174(2 t (142)

where (%) is given by Eq. (140). We obtain:

28,15, 0\
t= <ﬁt2) : (143)
Using this formula in Eq. (132), we finally obtain:
8 24

o o 2L Ty ¥ (144)

d_tg * (1+z)_¥

where we have again assumed 7(y — 1) ~ ~2. This results are not in agreement
with the observational data, because the power-law index for the observed flux is
—10/7 ~ —1.43, instead of the observed value —1.6.

This is a confirmation that Eq. (142) cannot be applied in this phase, which
instead has been done by many authors in the current literature. We instead have
to use Eq. (139). In fact, doing so we obtain the correct value:

E d\—1.6
d_tfll 0.8 nism(ta) 5 (145)
The results of the numerical integration of Egs. (104) and (105) are in perfect agree-
ment with these approximations (see Fig. 34). This implies that the approximate
Eq. (124) and (125) can still be used in this regime, but not Eq. (39) which has to

be replaced by an “effective” local power-law behaviour (see Eq. (139)).

Phase C

This new phase begins when v has decreased so much that the approximation
r = ct is no longer valid (see Fig. 35). In the case of GRB 991216 this happens
when v~ 3.0, t ~ 1.5 x 107 s, t4 ~ 2.9 x 10° s and r ~ 4.4 x 1017 cm. In this entire
phase, r(t) manifests the following behaviour typical of damped motion:

r(t) = f(l e EE ) , (146)

where 7, t* and 7 are constants that can be determined by the best fit of the
numerical solution. In the present case of GRB 991216 we obtain:

F~1.101 x 10" em,  7~2072x10"s, *~4.52x10%s. (147)
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Fig. 35. The exact numerical solution for r(t) (solid line), together with the line r = ct (dotted
line) and the fitting function given in Eq. (146) (dashed line).

It is important to note that this interesting behaviour, typical of a damped
motion, does not lead to any power-law relationship for the emitted flux as a func-
tion of the laboratory time (see Fig. 34). However, if we look at the observed flux
as a function of the detector arrival time, we see that a power-law relationship still
can be established, fitting the numerical solution. The result is:

dE

aty —1.36
dtd '

o (#1) (148)
This quite unexpected result can be explained because the relation between ¢ and
t? depends on r () in a nonpower-law behaviour. This fact balances the complex
behaviour of the emitted flux as a function of the laboratory time, leading finally
again to a power-law behaviour arrival time.

In this last phase, however, the flux decreases markedly, and from the point
of view of the GRB observations, the most relevant regions are phases A and B
described above, as well as the peak separating them.

Phase D

This last phase starts when the system approaches a Newtonian regime. In the
case of GRB 991216 this occurs when vy ~ 1.05, t ~ 5.0 x 107 s, t¢ ~ 3.1 x 107 s
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and r ~ 1.0 x 10'® cm. In this phase r(t) is again approaching a linear behaviour,
since the decrease in velocity is less steeply than in Phase C. The emitted flux as a
function of the laboratory time still does not show a power-law behaviour, while the
observed flux as a function of detector arrival time does, with an index n = —1.45
(see Fig. 34).

18. The Power-Law Index of the Afterglow and Inferences on
Beaming in GRBs

The results obtained in the previous sections have emphasized the relevance of the
proper application of the RSTT paradigm to the determination of the power-law
index of the afterglow. Particularly interesting is the subtle interplay between the
different regimes in the relation between the laboratory time and the arrival time
at the detector clearly expressed by Fig. 10 and the corresponding different regimes
encountered in the first order expansion of the relativistic hydrodynamic equations
of Taub®® (see Sec. 17). It is interesting to compare and contrast our treatment with
selected results of the current literature, in order to illustrate some relevant points
(see Table 2). We will consider the results in the literature only with reference to
the limiting case which we address in our work: the condition of fully radiative
emission.

The first line of Table 2 describes the ultrarelativistic regime, corresponding
to an increasing energy flux of the afterglow as a function of the arrival time
(phase A in previous section). Our treatment and the results in the literature

by Dermer et al.3191:105 coincide. They agree as well with the results by Piran

et l.40,102,103

The second line corresponds to the relativistic regime, in which the energy flux
of the afterglow, after having reached the maximum (point P in previous section),
monotonically decreases (phase B in previous section). The dependence we have
found of the gamma factor on the radial coordinate of the expanding ABM pulse
does coincide with the one given by Dermer et al. and Piran et al. Our power
law index n in this regime, which perfectly fits the data, however, is markedly dif-
ferent from the others. Particularly interesting is the difference between our results
and those of Dermer et al.: the two treatments coincide up to the last relation
between the laboratory time and the arrival time at the detector. As explained
in Egs. (144) and (145), the two treatments differ in the approximation adopted
in relating the laboratory time to the arrival time at the detector, illustrated in
Fig. 10. Dermer et al. incorrectly adopted the approximation represented by the
lower curve in Fig. 10 and consequently they do not find agreement with the obser-
vational data. We have not been able to retrace in the treatment by Piran et al.
the steps which have led to their different results. Special mention must be made
of a result stated by Halpern et al.,®® the last entry in line 2, that an absolute
lower limit for the power-law index m — 1.47 can be established on theoretical
grounds. Such a result, clearly not correct also on the basis of our analysis, has
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been erroneously used to support the existence of beaming in GRBs, as we will see
below.

The third line in Table 2 is also interesting, treating the nonrelativistic limit
(Phase C in previous section). This regime has been analysed by Vietri,'%* avoiding
the exact integration of the equations and relying on simple qualitative arguments.
These results are not confirmed by the integration of the equations we have per-
formed. This is an interesting case to be examined for its pedagogical consequences.
Having totally neglected the relation between the laboratory time and the time of
arrival at the detector, which we have illustrated in Fig. 10, and identifying t¢ = ¢,
Vietri reaches a very different power law from our. Moreover, his solution brings
to an underestimation of the radial coordinate: he estimated a radial coordinate of
1.1x10% cm at t¢ = 3.5 x 10* s, while the exact computation shows a result greater
than 3.0 x 1017 cm (see Table 1). On the other hand if one assumes, from the above
mentioned identity t¢ = ¢, t = 3.5 x 10* s, one obtains a gamma factor of ~ 300
(see Table 1) in total disagreement with the nonrelativistic approximation adopted
by Vietri. Quite apart from this pedagogical value, this nonrelativistic phase is of
little interest from the observational point of view, due to the smallness of the flux
emitted.

For completeness, we have also shown our estimates of the index n as the New-
tonian phase is approached in the last line of Table 2.

The perfect agreement between our theoretically predicted value for the power-
law index nineo and the observed one ngps:

Ntheo = —1.6, Nobs = —1.616 + 0.067 , (149)
confirms the validity of our major assumptions:

(1) The fully radiative regime.

(2) The constant average density of the ISM (njgm = 1 proton/cm?®).

(3) The spherical symmetry of the emission and the absence of beaming in
GRB 991216.

After the work of Mao & Yi®” which points to the possibility of introducing
beaming to reduce the energetics of GRBs and after the discovery of the afterglow,
many articles have appeared trying to obtain theoretical and observational evidence
for beamed emission in GRBs. The observations have ranged from radio!%6-107 to
optical®198~110 4]] the way to X-rays. Particular attention has been devoted to re-
lating the existence of beaming to possible breaks in the light curve slope, generally
expected at a value of the gamma factor

1

= 5 (150)

gl

where ¥ is the beam opening angle. There are many articles on this subject; to
mention only the most popular ones, we recall Refs. 90, 91, 94-96, 111. Far from
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having reached a standard formulation, these approaches differ from each other in
the expected time at which the break should take place up to a factor® of 20. They
differ as well for the opening angle of the beam, up to a factor® of 3. Disagreement
still exists on the number of breaking points: two in the case of Ref. 95, one in the
case of Ref. 94, and again one each in the case of Refs. 90, 96 and 111 but differing
in position from the one of Ref. 94. It has also been noticed that other authors have
shown through numerical simulations that such a transition, if visible at all, is not
very sharp.®3

Ample observational data have been obtained for the GRB 991216 in the optical
and radio, in addition to the X-ray band. For the reason mentioned at the beginning
of Sec. 14, we only address in this article the problem of the - and the X-ray
emission. In that respect, the main article addressing the issue of beaming in the
X-rays for GRB 991216 is the one of Ref. 53. The key argument is based on the
theoretical inequality claimed to exist for the power-law index n > —1.47 (see
above). The fact that the observed X-ray decay rate is found to be nops = 1.616 +
0.067 is interpreted by the authors as evidence for beaming. Moreover, the fact that
the decay rate n = —1.6 has been observed before a steepening in the optical decay
occurred at approximately 1 day of arrival time authorized an even more extreme
proposal of a narrower beam in the X-rays within the optical beam.

It is clear from the entire treatment which we have presented and the results
of the EMBH theory given by ntheo, = —1.6 that there is no evidence for such

1.5% stems

a beaming, as already stated above. The motivation by Halpern et a
from the incorrect theoretical assumption of the existence of a lower limit in the
afterglow power-law index n > —1.47. From our theoretical analysis the existence
of n = —1.6 is a clear proof of isotropic emission in the GRB 991216 and a clear test
of the complete relativistic treatment of the source. The fact that the break in the
index should be “achromatic” and the absence of beaming in the X-rays imply an
absence of beaming also in the optical and radio bands. The observed steepening
in the optical decay has to find an alternative explanation. Although this is not
the subject of our present work for the above mentioned reasons, we have found
interesting the considerations by Panaitescu & Kumar,''? which find that “there
are some major difficulties to apply a jet model to GRB 991216”. They have also
stated, still for GRB 991216, that “the steepening of the optical decay of a few days
is not due to a jet effect, as suggested by Halpern et al.,>®> but to the passage of a
spectral break”.

Concerning our own position on the possibility of beaming in GRBs, we would
like just to remark that, from a preliminary analysis of beamed emission within the
EMBH model, we have found some new features which are not encompassed by the
results in the current literature, and they could become a distinctive signature for
the discrimination of the existence or nonexistence of beaming.?® The study of the
steepening in the optical and radio decay is addressed within the EMBH theory in

a forthcoming paper.8!
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19. Substructures in the E-APE Due to Inhomogeneities in the
Interstellar Medium

The afterglow is emitted as the ABM pulse plows through the interstellar matter
engulfing new baryonic material. In our previous articles we were interested in
explaining the overall energetic processes of the GRB phenomena and in this sense,
we have adopted the very simplified assumption that the interstellar medium is a
constant density medium with ni, = 1/cm®. Consequently, the afterglow emission
obtained is very smooth in time. We are now interested in seeing if in this framework
we can also explain most of the time variability observed by BATSE, all of which
except for the P-GRB should correspond to the beam-target phase in the IBS
paradigm.

We pursue this treatment while still neglecting the angular spreading due to
off-axis scattering in the radiation of the afterglow.

Our goal is to focus in this simplified model on the basic energetic parameters
as well as on the drastic consequences of the space—time variables expressed in the
RSTT paradigm.

Having obtained the two results presented in Figs. 9 and 34, we can proceed to
attack the specific problem of the time variability observed by BATSE.

The fundamental point is that in both regimes the flux observed in the arrival
time is proportional to the interstellar matter density: any inhomogeneity in the
interstellar medium Anigy, /Tlism Will lead correspondingly to a proportional varia-
tion in the intensity AI/T of the afterglow. This result has been erroneously inter-
preted in the current literature as a burst originating in an unspecified “inner
engine”.

In particular, for the main burst observed by BATSE (see Fig. 36(a)) we have

(AI/I_) = <Anism/nism) ~35. (151)

There are still a variety of physical circumstances which may lead to such density
inhomogeneities.

The additional crucial parameter in the understanding of the physical nature of
such inhomogeneities is the time scale of the burst observed by BATSE. Such a burst
lasts At, ~ 20 s and shows substructures on a time scale of ~ 1 s (see Fig. 36(a)).
In order to infer the nature of the structure emitting such a burst we must express
these time scales in the laboratory time.! Since we are at the peak of the GRB we
have yp, ~ 258.5 (see Eq. (138)) and At, corresponds in the laboratory time to an
interval

At ~ 1.0 x 10% s, (152)

which determines the characteristic size of the inhomogeneity creating the burst
AL ~ 5.0 x 10'® cm (see Table 1 and Fig. 10).

It is immediately clear from Egs. (151) and (152) that these are the typical
dimensions and density contrasts corresponding to a small interstellar cloud. As an

195



250 R. Ruffini et al.

T T T T e
160F a) i BATSE &
C 50-300 keV
_ 120F .
| - 4
(7] C ]
] C ]
-
= r 6000 ]
2 S0F <, ss0 B
o - oM 1
- r E 5000 ]
2 [ 8 4s00 ]
E¥3 L 4
40F 7
OF 7
T T P BT NPT ST PR FETE R PR FEETe
-40 -20 0 20 40 60 80
seconds since trigger
T T T 1.6e-005
With changing nig,, ——
With fixed nig=1 cm -------
8e+051 - b) BATSE noise level -------- - 1.4e-005
2.5e+051 |- 7 1:26-00
@
. -4 1e-005  “g
d S
S 2e+051 s
2 o
£ H8e-006 3
[e] ~—
£ 1.5e+051 3
g 2
= - 6e-006 2
Q
o]
1e+051
- 4e-006
sl S N 1 2e-008
0 0
60 80 100

Detector arrival time (tad) (s)

Fig. 36. (a) Flux of GRB 991216 observed by BATSE. The enlargement clearly shows the P-
GRB.2 (b) Flux computed in the collision of the ABM pulse with an ISM cloud with the density
profile given in Fig. 37. The dashed line indicates the emission from an uniform ISM with n =
1 cm 3. The dotted line indicates the BATSE noise level.
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Fig. 37. The density contrast of the ISM cloud profile introduced in order to fit the observation
of the burst of GRB991216. The dashed line indicates the average uniform density n = 1 cm™3.

explicit example we have shown in Fig. 37 the density contrasts and dimensions of
an interstellar cloud with an average density (n) = 1/cm3. Such a cloud is located
at a distance of ~ 8.7 x 10!® cm from the EMBH, gives rise to a signal similar to
the one observed by BATSE (see Fig. 36(b)).

It is now interesting to see the burst that would be emitted, if our present
approximation would still apply, by the interaction of the ABM pulse with the
same ISM cloud encountered at later times during the evolution of the afterglow.
Figure 38(a) shows the expected structure of the burst at a distance 4.1 x 1017 cm,
corresponding to an arrival time delay of ~ 2 days, where the gamma factor is now
Y% ~ 3.6. It is interesting that the overall intensity would be smaller, the intensity
ratio of the burst relative to the average emission would remains consistent with

2
Eq. (151), but the time scale of the burst would be longer by a factor (%) ~

5 x 103. Figure 38(b) shows the corresponding quantities for the same ISM cloud
located at a distance 6.4 x 10'7 cm from the EMBH, corresponding to an arrival
time delay of ~ 1 month, where the gamma factor is ~ 1.5.

We return in future work®” to examine the angular spreading effects point-
ing out how they improve the results presented here: the explanation of the time
variability observed in the so called “long bursts” in the BATSE classification of
GRBs is confirmed. The smoothness, namely the absence of the above mentioned
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Fig. 38. (a) Same as Fig. 36(b) with the ISM cloud located at a distance of 3.17 x 10'7 cm from

the EMBH, the time scale of the burst now extends to ~ 1.58 x 10% s. (b) Same as (a) with the
ISM cloud at a distance of 4.71 x 1017 cm from the EMBH, the time scale of the burst now extends
to ~ 1.79 x 106 s.
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substructures, observed in the latest phases of the afterglow finds as well a most
natural explanation.

20. The Observation of the Iron Lines in GRB 991216:
On a Possible GRB-Supernova Time Sequence

We have seen in the previous sections how the time structure of the E-APE gives
information on the composition of the interstellar matter at distances of the order of
5x10%6 cm from the source. We would like now to point out that the data on the iron
lines from the Chandra satellite on the GRB 991216°* and similar observations from
other sources®*!13:114 make it possible to extend this analysis to a larger distance
scale, possibly all the way out to a few light years, and consequently probe the
distribution of stars in the surroundings of the newly formed EMBH.

Most importantly, these considerations lead to a new paradigm for the inter-
pretation of the supernova-GRB correlation.? Indeed a correlation between the
occurrence of GRBs and supernova events exists and has been established by the
works, 96,102,115-121

Such an association has been assumed to indicate that GRBs are generated by
supernova explosions.'™ In turn, such a point of view has implied further conse-
quences: the optical and radio data of the supernova have been attributed to the
GRB afterglow, and many theorists have tried to encompass these data and explain
them as a genuine component of the GRB scenario.

We propose instead an alternative point of view implying a very clear dis-
tinction between the GRB phenomenon and the supernova: if relativistic effects
presented in the RSTT paradigm are properly taken into account, then a kinemat-
ically viable explanation can be given of the supernova-GRB association. We still
use GRB 991216 as a prototypical case.

The GRB-Supernova Time Sequence paradigm, which we have indicated for
short as GSTS paradigm,® states that: A massive GRB-progenitor star Py of mass
M undergoes gravitational collapse to an EMBH. During this process a dyadosphere
is formed and subsequently the P-GRB and the E-APFE are generated in sequence.
They propagate and impact, with their photon and neutrino components, on a second
supernova-progenitor star Py of mass Ms. Assuming that both stars were generated
approzimately at the same time, we expect to have My < M. Under some special
conditions of the thermonuclear evolution of the supernova-progenitor star Pa, the
collision of the P-GRB and the E-APE with the star P> can induce its supernova
explosion.

Especially relevant to our paradigm are the following data from the Chandra
satellite:%4

(1) At the arrival time of 37 hr after the initial burst there is evidence of iron
emission lines for GRB 991216.

(2) The emission lines are present during the entire observation period of 10* s. The
iron lines could also have been produced earlier, before Chandra was observing.
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Thus the times used in these calculations are not unique: they do serve to
provide an example of the scenario.

The emission lines appear to have a peak at an energy of 3.49 + 0.06 keV
which, at a redshift z = 1.00 £ 0.02 corresponds to an hydrogen-like iron line
at 6.97 keV at rest. This source does not appear to have any significant motion
departing from the cosmological flow. The iron lines have a width of 0.23 keV
consistent with a radial velocity field of 0.1c. The iron lines are only a small
fraction of the observed flux.

On the basis of the explicit computations of the different eras presented in the

above sections, we make three key points:

(1)

(2)

An arrival time of 37 hr in the detector frame corresponds to a radial distance
from the EMBH travelled by the ABM pulse of 3.94 x 1017 ¢cm in the laboratory
frame (see Table 1).

It is likely that a few stars are present within that radius as members of a cluster.
It has become evident from observations of dense clusters of star-forming regions
that a stellar average density'?? of typically 10? pc~3 should be expected. There
is also the distinct possibility for this case and other systems that the stars Py
and P, are members of a binary system.

The possible observations at different wavelengths of the supernova crucially
depend on the relative intensities between the GRB and the supernova as well
as on the value of the distance and the redshift of the source. In the present case
of GRB 991216, the expected optical and radio emission from the supernova
are many orders of magnitude smaller than the GRB intensity. The opposite
situation will be encountered in GRB 980425.5!

In order to reach an intuitive understanding of these complex computations we

present a schematically very simplified diagram (not to scale) in Fig. 39.

We now describe the sequence of events and the specific data corresponding to

the GSTS paradigm:

1)

The two stars P; and P, are separated by a distance Dp, = 3.94 % 1017 cm in the
laboratory frame, see Fig. 39. Both stars are at rest in the inertial laboratory
frame. At laboratory time ¢t = 0 and at comoving time 7 = 0, the gravitational
collapse of the GRB-progenitor star P; occurs, and the initial emission of grav-
itational radiation or a neutrino burst from the event then synchronizes this
event with the arrival times ¢, = 0 at the supernova-progenitor star P, and
t4 = 0 for the distant observer at rest with the detector. The electromagnetic
radiation emitted by the gravitational collapse process is instead practically
zero, due to the optical thickness of the material at this stage,®® see Table 1.

From Table 1, at laboratory time t; = 6.48 x 103 s and at a distance of D; =
1.94 x 10* cm from the EMBH, the condition of transparency for the PEMB
pulse is reached and the P-GRB is emitted (see Sec. 8). This time is recorded as
arrival time at the detector t = 8.41x107%s, and, at P,, ast,, = 4.20x10?s.
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Fig. 39. A qualitative simplified space-time diagram (in arbitrary units) illustrating the GSTS
paradigm. The EMBH, originating from the gravitational collapse of a massive GRB-progenitor
star P1, and the massive supernova-progenitor star P>-neutron star (P2-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” constant gamma factor 1 during the eras reaching the
condition of transparency. Similarly, another “effective” constant gamma factor v2 < 71 applies
during Era IV up to the collision with the P»-NS system. A third “effective” constant gamma
factor y3 < 72 occurs during Era V after the collision as the nonrelativistic regime of expansion
is reached. The dashed lines at 45 degrees represent signals propagating at speed of light.

The fact that the PEMB pulse in an arrival time of 8.41 x 1072 s covers a
distance of 1.94 x 10'* cm gives rise to an apparent “superluminal” effect.
This apparent paradox can be straightforwardly explained by introducing an
“effective” gamma factor.?

(3) At laboratory time t = 1.73 x 10% s and at a distance from the EMBH of
5.18 x 106 cm in the laboratory frame, the peak of the E-APE is reached
which is recorded at the arrival time ¢, = 9.93 s at P> and tg = 19.87 s at the
detector. This also gives rise to an apparent “superluminal” effect.
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(4) At a distance Dp, = 3.94 x 10'7 cm, the two bursts described in the above
points (2) and (3) collide with the supernova-progenitor star P at arrival times
te, = 4.20 x 1072 s and t, = 9.93 s respectively. They can then induce the
supernova explosion of the massive star Ps.

(5) The associated supernova shell expands with velocity 0.1c.

(6) The expanding supernova shell is reached by the ABM pulse generating the
afterglow with a delay of ¢,, = 18.5 hr in arrival time following the arrival
of the P-GRB and the E-APE. This time delay coincides with the interval of
laboratory time separating the two events, since the P; is at rest in the inertial
laboratory frame.®> The ABM pulse has travelled in the laboratory frame a
distance Dp, — D1 ~ Dp, = 3.94 X 10'7 cm in a laboratory time ty —t ~ to =
1.32 x 107 s (neglecting the supernova expansion).

The collision of the pulse with the supernova shell occurs at v ~ 4.0. By this
time the supernova shell has reached a dimension of 1.997 x 10'* cm, which is
consistent with the observations from the Chandra satellite.

In these considerations on GRB 991216 the supernova remnant has been
assumed to be close to but not exactly along the line of sight extending from the
EMBH to the distant observer. If such an alignment should exist for other GRBs, it
would lead to an observation of iron absorption lines as well as to an increase in the
radiation observed in the afterglow corresponding to the crossing of the supernova
shell by the ABM pulse. In fact, as the ABM pulse engulfs the baryonic matter of
the remnant, above and beyond the normal interstellar medium baryonic matter,
the conservation of energy and momentum implies that a larger amount of internal
energy is available and radiated in the process (see Sec. 12). This increased energy-
momentum loss will generally affect the slope of the afterglow decay, approaching
more rapidly a nonrelativistic expansion phase (where details are given in Sec. 17).

It is quite clear that as soon as the relativistic transformations of the RSTT
paradigm are duly taken into account, the sequence of events between the supernova
and the GRB occurrences are exactly the opposite of the one postulated in the
so-called “supranova” scenario.??:31:123 This can be considered a very appropriate
pedagogical example of how classical nonrelativistic considerations applied to ultra-
relativistic regimes can indeed subvert the very causal relation between events.

If we now turn to the possibility of dynamically implementing the scenario, there
are at least three different possibilities:

(1) Particularly attractive is the possibility that a massive star P, has rapidly
evolved during its thermonuclear evolution to a white dwarf.1?4 It it then suffi-
cient that the P-GRB and the E-APE implode the star sufficiently as to reach a
central density above the critical density for the ignition of thermonuclear burn-
ing. Consequently, the explosion of the star P, occurs, and a significant fraction
of a solar mass of iron is generated. These configurations are currently generally
considered precursors of some type I supernovae (see e.g. Filippenko,!?® and
references therein).
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(2) Alternatively, the massive star P» can have evolved to the condition of being
close to the point of gravitational collapse, having developed the formation of an
iron-silicon core, type II supernovae. The above transfer of energy momentum
from the P-GRB and the E-APE may enhance the capture of the electrons on
the iron nuclei and consequently decrease the Fermi energy of the core, leading
to the onset of gravitational instability (see e.g. Bethe,'26 p. 270 and followings).
Since the time for the final evolution of a massive star with an iron-silicon core
is short, this event requires a well tuned coincidence.

(3) The pressure wave may trigger massive and instantaneous nuclear burning pro-
cess, with corresponding changes in the chemical composition of the star, lead-
ing to the collapse.

The GSTS paradigm has been applied to the case of the GRB 980425 —
SN1998bw which, with a red shift of 0.0083, is one of the closest and weaker GRBs
observed. In this case, the radio and the optical emission of the supernova is distinc-
tively observed. For this particular case, the EMBH appears to have a significantly
lower value of the parameter ¢ and the validity of the GSTS paradigm presented
here is confirmed.?!

21. General Considerations on the EMBH Formation

Before concluding let us consider the problem of the EMBH formation. Such a
problem has been debated for many years since the earliest discussions in 1970 in
Princeton and has been finally clarified and addressed in general terms to justify the
plausibility of the hypothesis in Ref. 78. There has been a basic change of paradigm.
All the considerations on the electric charge of stars were traditionally directed,
following the classical work by Shvartsman'27 all the way to the fundamental book
by Punsly,'2® to the presence of a net charge on the star surface in a steady state
condition. The star can be endowed with rotation and magnetic field and surrounded
by plasma, like in the case of Goldreich & Julian,'?? or, in the case of absence of
both magnetic field and rotation, the electrostatic processes can be related to the
depth of the gravitational well, like in the treatment of Shvartsman.'?” However,
in neither cases is it possible to reach the condition of the overcritical field needed
for pair creation nor has it the condition of no baryonic contamination discussed in
Secs. 2, 6 and essential for the dyadosphere formation. The basic conceptual point
is that GRBs are maybe the most violent transient phenomenon occurring in the
universe and so the condition for the dyadosphere creation have to be searched in
a transient phenomenon. The solution is related to the most transient phenomenon
occurring in the life of a star: the process of gravitational collapse.

Having acquired such a fundamental understanding, the next step is to estimate
the amount of polarization needed in order to reach the fully relativistic condition

Q

7= (153)

203



258 R. Ruffini et al.

Recalling that the charge to mass ratio of a proton is g,/(m,vG) = 1.1 x 108,
it is enough to have an excess of one quantum of charge every 10'® nucleons in
the core of the collapsing star to obtain an extreme EMBH after the occurrence of
the gravitational collapse. Physically this means that we are dealing with a process
of charge segregation between the core and the outer part of the star which has
the opposite sign of net charge in order to enforce the overall charge neutrality
condition. We here emphasize the name “charge segregation” instead of the name
“charge separation” in order to contrast a very mild charge surplus created in dif-
ferent part of the star, keeping the overall charge neutrality, from the much more
extreme condition of charge separation in which all the charges of the atomic com-
ponent of the star are separated. It is indeed reassuring that such a core, endowed
with charge segregation, is indeed stable with respect to the Fermi—Chandrasekhar
criteria for the stability of self-gravitating stars duly extended from the magnetic
to the electric case: the electric energy of such a core is consistently smaller than
its gravitational energy.”®

Such a condition of charge segregation between the core and the oppositely
charged star surface layer can be reached under a very large number of physical
conditions. We consider, for simplicity, one of the oldest example: the one of a
star endowed with both a magnetic field and rotation. It is proved that a typical
magnetic field expected for the ISM is By ~ 107> G.13% We further assume, consis-
tently with the data which we have acquired and verified in the present article (see
Secs. 12 and 18), that also in the galaxy where GRB 991216 occurred the ISM has
an average density of njsy, = 1 proton/ cm®. From this value of density we have that
an ISM cloud with mass M ~ 10Mg occupies a sphere of radius Ry ~ 1.4 x 10! cm.
If this sphere collapse to a star with radius R = R, from the flux conservation we
obtain that it is enough for this star to rotate with the most reasonable angular
speed

EMcVG

Q ~
RoR2B,

(154)
to conclude that the progenitor star core is endowed of a charge to mass ratio equal
to £. In the extreme case of Eq. (153) we have £ = 1 and so the angular speed is
Q ~ 1.1 x 1073 rad/s — i.e. one round in 1.5 hr — and correspondingly we have
smaller Q values for ¢ < 1.9 Clearly the overall neutrality is guaranteed by the
oppositely charged baryonic matter which is the one measured by the B parameter
in the EMBH model (see Secs. 7 and 8). The smallness of the B value clearly points
to the absence of an extended envelope of the progenitor star.

The formation process of such an electromagnetised progenitor star will be
clearly affected by the presence of differential rotation, the consequent amplifica-
tion of the magnetic field and a variety of magnetohydrodynamical problems which
will affect somewhat the simplicity of the heuristic Eq. (154). Similarly the process
of gravitational collapse of such a progenitor star endowed with rotation will lead
to complex phenomena of “gravitationally induced electromagnetic radiation” 3!
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and of “electromagnetically induced gravitational radiation”'3? which will tend to
reduce both the eccentricity and the angular velocity of the collapsing core. The
general outcome of gravitational collapse will be a Kerr-Newmann space—time. It
is interesting that such a general case will break the degeneracy in (u, ) described
in Sec. 9.133 In this article we have addressed the much simpler case of a solution in
which (¢L) / (GM 2) < 1 and the treatment can be well approximated by a collapse
described by a Reissner—Nordstréom geometry.

In addition to this scenario, based on the role of magnetic field and rotation,
we are also pursuing the possible generation of the charge segregation by quantum
effects at the surface of the almost Fermi degenerate core. This most straightforward
analysis also leads to a Reissner-Nordstrom geometry.

In both these cases the Reissner—Nordstrom geometry appears indeed to be the
relevant model for GRB 991216 as discussed in the previous sections. We shall return
to non-spherical configuration in forthcoming publications and/or when requested
by observational evidence.'33

Turning now from this general scenario to a more detailed analysis of a Reissner—
Nordstrom geometry, some preliminary necessary steps have to be accomplished. In
Cherubini, Ruffini & Vitagliano (2002)"! we have considered the gravitational col-
lapse of a charged spherical shell with selected boundary conditions: either starting
from infinite distance with a null or non-null kinetic energy, or imploding from a
finite distance initially at rest. A new analytic solution has been obtained for such
a boundary condition, corresponding both to a collapse into an already formed
EMBH or to a collapse in Minkowsky space. In both cases we have followed the
process of gravitational collapse all the way to the self closure of the shell by the
formation of an horizon.

Using this analytic solution it has been possible to clarify the independent phys-
ical components, contributing to the formation of the EMBH irreducible mass.”?
Surprisingly, the irreducible mass does not directly depend on the electromagnetic
energy of the imploding shell: it is uniquely a function of the initial baryonic mass,
of its gravitational energy and of the kinetic energy of the implosion. The electro-
magnetic energy is stored around the EMBH and can be extracted by two very
different process as a function of the electromagnetic field strength. (a) When the
electric field on the collapsing shell is smaller than &, the process of energy extrac-
tion occurs in the effective EMBH ergosphere!34135 by a sequence of discrete high
energy events, with energy up to 102'-10%7 eV. Such sources can be of relevance
for the explanation of the ultra high energy cosmic rays.'3¢ (b) When the electric
field on the collapsing shell is larger than &, the conditions relevant to the present
article are fulfilled. The energy extraction process occurs in the dyadosphere and a
much larger number of electron and positron pairs are created with typical energies
of the order of 10 MeV which are relevant for the process considered in the present
paper.

It is interesting that the clarification obtained by Ruffini & Vitagliano™ has
allowed a deeper understanding of the essential role of the gravitational and kinetic
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Fig. 40. Space-time diagram of the collapse process leading to the formation of the dyadosphere.
As the collapsing core crosses the dyadosphere radius the pair creation process starts, and the pairs
thermalize in a neutral plasma configuration. Then also the horizon is crossed and the singularity
is formed.

implosion energies and the storage of the electromagnetic energy in the entire region
surrounding the EMBH horizon. It has been shown by Ruffini & Vitagliano™ that
the central point can simply be summarized: the Coulomb repulsion of the collapsing
matter reduces the kinetic energy of implosion leading to a smaller value of the
irreducible mass and consequently to a larger value of the extractable energy.

Having so established and clarified the basic conceptual energetic processes of
the EMBH, we are now ready to approach, using the new analytic solution obtained,
the dynamical process of vacuum polarization occurring during the formation of
an EMBH as qualitatively represented in Fig. 40. The study of the dyadosphere
dynamical formation as well as of the electron-positron plasma dynamical evolution
will lead to the first possibility of directly observing the general relativistic effects
approaching the EMBH horizon.

Before closing we would like to emphasize once more a basic point: all the
considerations presented in the description of the preceding eras are based on the
approximations in the description of the dyadosphere presented in Sec. 2. This treat-
ment is very appropriate in estimating the general dependence of the energy of the
P-GRB, the kinetic energy of the ABM pulse and consequently the intensity of the
afterglow, as well as the overall time structure of the GRB and especially the time
of the release of the P-GRB with respect to the moment of gravitational collapse
and its relative intensity with respect to the afterglow. If, however, ine is to address
the issue of the detailed temporal structure of the P-GRB and its detailed spectral
distribution, the above dynamical considerations on the dyadosphere formation are
needed.”™ In turn, this detailed analysis is needed if the general relativistic effects
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close to the horizon formation have to be followed. As expressed already in Sec. 11,
all general relativistic quantum field theory effects are encoded in the fine struc-
ture of the P-GRB. As emphasized in Sec. 9, the only way to differentiate between
solutions with same Egy, but different EMBH mass and charge is to observe the
P-GRBs in the limit B — 0, namely, to observe the short GRBs.

22. Conclusions

This paper is a consequence of a process of revision, reanalysis and further expansion
of all the results presented in the previous articles.' 347749 In this process all the
numerical estimates have been reanalysed for consistency. Most noticeably we have
found a missing factor of 27 in the values of the experimental data on GRB 991216
we had used in our previous works which led to an underestimate of the total energy
of the source.

This process of revision, far from being just a detailed computational verifica-
tion, has given us the opportunity to rethink the entire GRB process in an unitary
description starting from the moment of gravitational collapse all the way up to
the latest phases of the afterglow and in identifying the three fundamental actors
of the GRB phenomenon:

(1) Egya. Having reanalysed in Sec. 2 the physics of the dyadosphere we have
pointed out in Fig. 16 that the same value of Fg4y, can be obtained from an
entire family of (p,§) parameters (i.e. Eqya is degenerate in (u,&)). We have
then shown in the reexamination of all the GRB eras that all the results depend
only on the value of Eq4y, and not on the particular value of (u, &) (see Secs. 7,
8, 12 and 13). The only exception to this occurs in the Era I (see Sec. 6) which
is the only one relevant for short GRBs.

(2) B. The crucial role played by the baryonic remnant of the progenitor star in
determining the relative intensity ratio and the time delay between the P-
GRB and the E-APE has been summarized already in Figs. 12 and 13 in the
introduction.

(3) ISM. The density njsn of the interstellar medium and its inhomogeneities
appears to have a fundamental role in the intensity and the temporal substruc-
tures of the E-APE and the afterglow. In order to identify such a crucial role,
however, the correct relativistic space—time relations expressed by the RSTT
paradigm are needed as amply exemplified in Secs. 17-19.

The observational data agree with the predictions of the model on:

(1) The intensity ratio, 1.58 x 1072, between the P-GRB and the E-APE, which
strongly depends on the parameter B.

(2) The absolute intensities for both the P-GRB and the E-APE, respectively 7.54 x
105! erg and 4.75 x 1053,

(3) The arrival time of the P-GRB and the peak of the E-APE, respectively 8.41 x
1072 s and 19.87 s.
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These results can certainly be considered the greatest success of the EMBH
theory.

Before closing, we like to draw some specific conclusions based on the first
fundamental parameter of the EMBH theory: Egya. It is clear that Egy, is the
fundamental parameter which determine the general energetic requirements of the
GRB 991216. This energetics strongly depends on the possible existence or absence
of beaming in the radiation process. In turn, as expressed in Secs. 17 and 18, the
presence of beaming is led back to the power-law index n of the afterglow. The
general conclusions reached on Egy, can be summarized as follow:

1.1 The value of n is a function of the transformation between t — t, — t2 (see
Sec. 17). These transformations are a function of the entire relativistic regime of the
world line of the source (see Sec. 4). By systematically neglecting this information
the current works in the GRBs literature have obtained incorrect n values (see
Table 2 and Sec. 18).

1.2 The value nypeo = —1.6, which we have obtained within the EMBH theory, in
the region of interest for the observations, based on the assumptions of spherical
symmetry, fully radiative condition in the emission process and constant density of
ISM, is in agreement with observed nons = —1.616 £+ 0.067 (see Secs. 17 and 18).
No evidence of beaming is therefore found is GRB 991216 (see Sec. 18).

1.3 For GRB 991216 Eqy, = 4.83 x 10°3 erg is found in the EMBH theory. This
value is systematically larger than the ones quoted in the current literature by
Panaitescu & Kumar!!? and by Halpern et al.>® due to the fact that they respec-
tively consider beaming angles of 3° — 4° and 6°. These considerations have been
shown to be untenable in Sec. 18. There is still a difference of ~ 28% between the
total energy implied by the EMBH theory (4.83 x 10°® erg) and the value quoted
by Halpern (Eqy, = 6.7 x 1053 erg) in the case of spherical emission. We trust that
this is a consequence of the underlying assumption of the spectral distribution of
the radiation assumed by Halpern et al.5* (see e.g. Frail et al.13"), which should be
reassessed on the ground of our theoretical results. See also Ref. 133.

We turn now to the second fundamental parameter of the EMBH theory: B.
It is essential in explaining the difference between the so called “long bursts” and
“short bursts” (see Secs. 11 and 15). The general conclusions reached on B can be
summarized as follows:

2.1 The most general GRB contains three different components: the P-GRB, the
E-APE and the rest of the afterglow. The ratio between the P-GRB and the E-
APE intensity and their temporal separation is a function of the B parameter (see
Figs. 12 and 13). The best fit is obtained for B = 3.0 x 1073 (see Sec. 14). We recall
that in the present case for B < 2.5 x 1075 the energy of the P-GRB would be larger
than the one of the E-APE and the energy of the dyadosphere would be mainly
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emitted in what have been called the “short bursts”, while for B > 2.5 x 1075 the
energy of the E-APE would predominate and the energy of the dyadosphere would
be mainly carried by the ABM pulse and emitted in the afterglow.

2.2 The difficulties encountered by all theoretical models, through the years, in
order to explain the so called “long bursts” are resolved in a drastic way (see
Sec. 15). The so called “long bursts” are not bursts at all. They represent just the
E-APE which was interpreted as a burst only due to the noise threshold in the
BATSE observations (see Fig. 11). The E-APE is emitted at distances from the
EMBH in the range 1.0 x 10 ~ 1.0 x 10'7 cm, see Table 1, namely well outside
the size of the progenitor star and already deep in interstellar space. The fact
that the crossing of such distance, which is a typical dimension of an interstellar
cloud, appears to occur in arrival time in only ~ 100 seconds is perfectly explained
by the relativistic transformations encoded in the RSTT paradigm corresponding
to a gamma factor between 100 and 300 (see Sec. 4 and Table 1). This effect
would be interpreted within a classical and incorrect astronomical picture by a
“superluminal” behaviour propagating at ~ 3.6 x 10%c (see Table 1).

2.3 In the limit B — 0 the entire dyadosphere energy is emitted in the P-GRB.
These events represents the “short bursts” class, for which the afterglow inten-
sity is smaller than the P-GRB emission and below the actual observational limits
(see Sec. 11). It is interesting that the proposed differentiation between the “short
bursts” and “long bursts” within the EMBH theory is merely due to the amount
of baryonic matter in the remnant, described by the B parameter, and totally in-
dependent from the process of gravitational collapse which is clearly identical in
both cases. This explains at once the recently found conclusion that the distribution
of short and long GRBs have essentially the same characteristic peak luminosity.®
Also the result expressed in Fig. 7 that the average temperature corresponding to
the P-GRB emission does increase for decreasing values of the B parameter can
explain the observed fact that the “short bursts”, which are obtained in the limit
B — 0, are systematically harder than “long bursts”.”

Finally, the EMBH theory offers an unprecedented tool in order to map with
great accuracy all the matter distribution around the newly formed EMBH from
the horizon all the way to the ISM. This concept was pioneered by Dermer &
Mitman*? who proposed to use GRB sources as “tomographic images of the den-
sity distributions of the medium surrounding the sources of GRBs”. It is important
to emphasize that the very precise reading of the matter distribution encoded in the

data of the P-GRB, the E-APE and the afterglow in GRB 991216 is in marked dis-
agreement with the matter distribution postulated by the “collapsar” scenario.2” 29
This conclusion is evidenced not only by the absence of beaming already mentioned
above, but also for the paucity of the baryonic matter encountered by the PEM
pulse in its way out from the EMBH. There is no evidence for the presence either

of a baryonic disk component nor of a conspicuous baryonic remnant. We actually
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have B = 3.0 x 1073. The general conclusions reached on this topic can then be
summarized as follow:

3.1 Starting from the inside out we have, from the electrodynamics of the dyado-
sphere, that the baryonic contamination in that region has to be much smaller
than 10% g/ cm® (see Sec. 6). This condition can be achieved in the formation of an
EMBH. The same electrodynamical process would be hampered in the formation
of a neutron star due to the high density and baryonic contamination. Among all
process of discharge of the overcritical electromagnetic field the pair creation is the
most effective one due to the very short time scale of the order of i/m.cca ~ 10719
seconds (see Sec. 2).

3.2 Unlike the case of formation of a neutron star, the mass of the remnant of the
progenitor star is very small indeed. This mass, determined by B, is very accurately
inferable from the relative intensity and temporal distance between the P-GRB
and the E-APE (see above). In the present case we have Mp ~ 8.1 x 1074 M.
The presence of the remnant is also important for guaranteeing the overall charge
neutrality of the system formed by the oppositely charged collapsing core and the
remnant. It has been pointed out in Sec. 21 that this condition of charge separation
between the collapsing core and the remnant occurs only during the relevant part
of the gravitational collapse process which, we recall, for a 10My, is of the order of
30 seconds.

3.3 The structure of the E-APE and the afterglow gives as well an unprecedented
tool in order to estimate the average density and filamentary structure in the ISM:
the structures down to a fraction of seconds observed in the E-APEs, the so called
“long bursts” of the current literature (see Fig. 3), can be used in order to map
the filamentary structure as well as the size of interstellar clouds surrounding the
EMBH (see Sec. 19). When all the geometrical and relativistic effects are duly taken
into account the intensity and the average profile of the E-APE and of the afterglow
point to an average value of the ISM density njsy, ~ 1 proton/ cm® in very good
agreement with a large variety of independent estimates. The very late phases of
the afterglow gives information of the induced supernova collapse (see Sec. 20 and
Ruffini et al.,®) which will be addressed in a forthcoming publication. Since now we
can assert that the correct space—time sequence based on the RSTT paradigm is in
contrast with the “supranova” scenario%:31:123 which was based on a nonrelativistic
consideration in ultrarelativistic regimes (see Sec. 20).

This concludes the presentation of the basic model which is now ready to be
applied to additional sources. If we look to the future we can see three main topics
to be addressed with special attention:

(1) We have performed a more detailed description of beaming, of the angular
spreading and of the spectral properties which is going to be the subject of
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paper II. Since now, we can assert that this more detailed treatment supports
all general conclusions obtained in the present paper.

If one is interested in the detailed effects of general relativity and relativis-
tic field theory, all the attention should be directed to the structure of the
short bursts. This needs the development of detailed theoretical works on the
approach of the horizon of the black hole and the associated electrodynamical
process. From the description presented in this paper of an already formed and
averaged dyadosphere (see Fig. 17) we have to move to the treatment of its
dynamical formation (see Fig. 40). Such an analysis describing the approach
to the formation of the horizon of the EMBH, within the EMBH theory, is in
advanced phase of development”™ 7 (see Fig. 40). Some preliminary results
have appeared in Bianco, Ruffini & Xue.°

From the observational point of view, the detailed observations of the yet
unexplored region in the range up to 10? seconds in Fig. 14 and the corre-
sponding observations of the “short bursts” by a new class of space missions
with higher sensitivity than the BATSE instrument appear to be of great im-
portance. Such observations should allow one to directly observe for the first
time the general relativistic and extreme quantum field theory effects connected
to the process of formation of the EMBH. It can be of some interest to explore
the possibility of observing in these regimes the “gravitationally induced elec-
tromagnetic radiation” 3! and the “electromagnetically induced gravitational

radiation” 32 phenomena.
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ABSTRACT

Using GRB 991216 as a prototype, we show that the intensity substructures observed in what is generally
called the “prompt emission” in gamma-ray bursts (GRBs) do originate in the collision between the accelerated
baryonic matter pulse with inhomogeneities in the interstellar medium (ISM). The initial phase of such process
occurs at a Lorentz factey ~ 310 . The crossing of ISM inhomogeneities of gifes 10 cm occurs in a
detector arrival time interval 0f£0.4 s, implying an apparent superluminal behavioraffc. The long-lasting
debate between the validity of the external shock model versus the internal shock model for GRBs is solved in
favor of the first.

Subject headings: black hole physics — gamma rays: bursts — gamma rays: observations —
gamma rays: theory — ISM: clouds — ISM: structure

To reproduce the observed light curve of GRB 991216, we relativistic shell of accelerated baryonic matter (ABM). It is this
have adopted, as initial conditions (Ruffini et al. 2002a) at ABM pulse that, interacting with the interstellar medium (ISM),
t = 10 * s~ 0 s a spherical shell of electron-positron-photon gives origin to the afterglow (see Ruffini et al. 2001b, 2002a).
neutral plasma lying between the radji= 6.03 x 10° cm One of the most novel results of the EMBH model has been
andr, = 2.35 x 10° cm: the temperature of such a plasma is the identification of what is generally called the “prompt emis-
2.2 MeV, the total energi,,, = 4.83 x 10°° ergs, and the total sion” (see, e.g., Piran 1999 and references therein) as an integral
number of paird\,.,. = 1.99 x 10°% . part of the afterglow: the extended afterglow peak emission (E-

Such initial conditions follow from the electromagnetic black APE; Ruffini et al. 2001a, 2001b, 2002a). This result is clearly
hole (EMBH) theory we have recently developed based on en-at variance with the models explaining the prompt emission with
ergy extraction from a black hole endowed with electromagnetic 2d hoc mechanisms distinct from the afterglow process (see, e.g.,
structure (Ruffini 1998; Preparata, Ruffini, & Xue 1998; Ruffini Rees & Mezaos 1994, 1998, 2000; Meaos & Rees 1997,
et al. 1999a, 1999b, 2000, 2001a, 2001b, 2001c, 2002a; Bianco2001; Kobayashi, Piran, & Sari 1997; Kumar & Piran 2000;
Ruffini, & Xue 2001),r, being the horizon radius, being the Mészaos 2002). The fact that the EMBH model, using GRB
dyadosphere radius’ arﬂot coinciding with the dyadosphere 991216 as a prototype, has allowed the Computat|0n of the tem-
energyE, . The above set of parameters is uniquely determined Poral separation of the P-GRB and the E-APE to an accuracy
by the value of,,,. The EMBH energy (Christodoulou & Ruffini of a few milliseconds and also to predict their relative intensities
1971) is carried away by a plasma of electron-positron pairs Within a few percent can certainly be considered a major success
created by the vacuum polarization process (Damour & Ruffini ©f the model (see Ruffini et al. 2001a, 2001b, 2002a).
1975) occurring during the gravitational collapse leading to the _ The aim of this Letter is to report a further extension of the
EMBH (Cherubini, Ruffini, & Vitagliano 2002; Ruffini & Vi- ~ EMBH model in order to identify the physical processes giving
tagliano 2002). Such an optically thick electron-positron plasma ©119in to the intensity variability observed in the E-APE on
self-propels itself outward reaching ultrarelativistic velocities mescales as short as a fraction of a second (Fishman & Meegan
(Ruffini et al. 1999a, 1999b), interacts with the remnant of the 1995), which contrasts with the smoother emission in the_last
progenitor star, and by further expansion becomes optically thin Phases of the afterglow (see, e.g., Costa, Frontera, & Hjorth

- X 01).
(Ruffini et al. 2000). The physical reason for such an extraor- -
dinary process of self-acceleration, achieving in a tenth of a _ !N our formerwork on the EMBH model (Ruffini et al. 2001b,

second in arrival time an increase in the Lorentz gamma factorzooza)' we have assumed a homogeneous ISM with a density

— — 1 A3
fromy = 1 toy ~ 300, has been shown to be critically depen- Mam = (Nism) = 1 particle cnT*and we have also assumed that

dent onE, . and on the amount of baryonic matter engulfed by A4ring the collision of the ABM pulse with the ISM the “fully
the plasmy; in its expansion (see Ruffini et al. 1999a, 1999b radiative condition” applies. These assumptions have led to the

2000). It is interesting that this process is extremely efficient’trieoret'c_alfjteg'qlon of ”thet power-law tmqtehxtic:f thg aftertglowl
even in the present case, regardless of the relatively slow rando dotpen__ 1 6 16T nggf?_l aligreemtenl "2\’(')00 eOo servlariona
thermal motion of the 2.2 MeWe™ plasma (see Ruffini et al. . atan = —.. - ( alpern et al. ).' urgoaj nere
2002a). As the transparency condition is reached, a properS to show that the variability in the E-APE can indeed be traced

amma-ray burst (P-GRB) is emitted as well as an extremely Pack to inhomogeneities in the ISM. We again consider, as in
g Y ( ) ythe previous work, the case of an ABM pulse expanding with

! International Center for Relativistic Astrophysics, Universit&®oma “La spherical symmetry (i.e., no beaming), and for simplicity we
Sapienza,” Piazzale Aldo Moro 5, 1-00185 Rome, Italy; ruffini@icra.it, xue@ describe the ISM inhomogeneities as spherical shells concentric
icra.it, bianco@icra.it, fraschetti@icra.it. to the ABM pulse. Each shell has a selected density and a con-

2 Dipartimento di Fisica, Universitdi Roma “La Sapienza,” Piazzale Aldo stant thicknesaR = 1.0 x 10% cm .

Moro 5, 1-00185 Rome, ltaly. . A .
* Universitede Savoie, LAPTH-LAPP, BP 110, F-74941 Annecy-le-Vieux We recall now the relation between the relativistic beaming

Cedex, France; chardon@lapp.in2p3.fr. angle and the arrival time of the emitted photon on the detector.
“ Universitadi Trento, via Sommarive 14, 1-38050 Povo (Trento), Italy. The visible part of the ABM pulse spherical surface is con-
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Fi. 1.—(@) Temporal evolution of the ABM pulse visible area. The dashed / \
half-circles are the expanding ABM pulse at selected values of its radius cor- \
responding to different laboratory times. The solid curve marks the boundary 1k / A

of the visible region. The EMBH is located at position (0, 0). The(Y-)axis
is directed along (orthogonal to) the line of sight. In the earliest GRB phases,
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the visible region is squeezed on the line of sight, while in the latest afterglow Distance from the EMBH {cm)
phases almost all the emitted photons reach the obsebydn the same co-
ordinate system used im)( we represent the EQTSsolid lines; see text). They Fi. 2.—Theoretically computed gamma factors of the expanding pulse

correspond to values of the arrival time ranging from 5 s (the smallest surface giyen as a function of its distance from the EMBH. The dashed line corresponds
on the left of the plot) to 60 s (the largest one on the right) in steps of 5 s. The 1513 — 1 particle cm?, while the solid line corresponds to the density profile
dashed lines are the boundaries of the ABM pulse visible area. Note the differentiyen in Fig. 3. The roman numerals correspond to the different eras of the
scale on the two axes, indicating the very high EQTS “effective eccentricity.” gypH theory (see Ruffini et al. 2002a). Near the E-APE (namely, around
The arrival time interval has been chosen to encompass the E-APE emissionPA andP, ), the two curves differ markedly owing to the impact on the high-
occurring between-15 and~40 s (see Figs. 4 and 5 and Table 1). density ISM regions, which brake the ABM pulse more efficiently. When the
ABM pulse overcomes the ISM cloud, the two curves coincide again, since

strained by the average density of the cloud~4 particle cm®.
v and Table 1) with the main criteria that the density inhomo-
cosg 2, 1) geneities and their spatial distribution still fulfilh,,) = 1
particle cm?,

The source luminosity in a detector arrival titffe  and per

whered is the angle in the laboratory frame between the radial unit solid angled® is given by (details in Ruffini et al. 2002b)

direction of each point on the ABM pulse surface and the line

of sight andv is the expansion speed (Ruffini et al. 2002b). This dE, Ac dt

follows from the requirement that in the comoving frame the T = — v cosYA™ —— dL, ?3)
component of the photon momentum along the radial expansion did?  Jeorsdm dt;

velocity direction be positive, in order to escape. There exists . . . . .

then a maximum allowed-value 8., defined bycosd,,., = where Ae is the energy den_5|ty released_ in the interaction of
vlc (see Fig. &). the ABM pulse with the ISM inhomogeneities measured in the

Owing to the high value of the Lorentzfactor ~310) for ~ comoving frameA = y[1 — (v/c) cosd] _is the Doppler factor,
the bulk motion of the ABM pulse, the spherical waves emitted ?”d d% is the _surface_ elemer_\t of_ the EQTS at detector arrival
from its external surface do appear extremely distorted to afime t on which the integration is performed. In the present
distant observer. To show this, we need to express the photorfase, the Doppler factat™ in equation (3) enhances the ap-
arrival time at the detectdf  as a function of its emission time Parent luminosity of the burst, as compared to the intrinsic
t and angled. We sett = 0 when the plasma starts to expand,
so thatr (0) = r,, . We then have (see Ruffini et al. 2002b) 1000 . ‘ .

Jou(t)dt’ + 1,

s 7 /
tt=(1+2|t cosé‘+ﬂ, 2 ol . C\ ’

wherez is the redshift of the source. Then, in order to compute
the arrival time of the emitted radiation, we must knalivthe
previous values of the source velocity starting from 0 . The
great advantage of the EMBH model is that for the first time
we have been able to obtain the precise values of the gamma
Lorentz factor as a function of the radial coordinate or equiv-
alently of the laboratory time (see Fig. 2). This allows us, for
the first time, to evaluate equation (2) and correspondingly o1k
determine the surfaces that emit the photons detected at a fixed — - - .
arrival timet?, which we will call in the following “equitem- s Raci comanate (0 omy B0

poral surfaces” (EQTSs). The profiles of such surfaces are

reported in Figure i We emphasize once again the direct Fic. 3.—Density profile (mask) of an ISM cloud used to reproduce the GRB

. . . 991216 temporal structure. As before, the radial coordinate is measured from
connection between the evaluation of the EQTSs anéfttiee the black hole. In this cloud, we have six “spikes” with overdensity separated

past history of the source. ) ) ] by low-density regions. Each spike has the same spatial extensiof*ai0
We have created an ISM inhomogeneity “mask” (see Fig. 3 The cloud average density {8,y = 1 particle ¢n

Number density (g (#/cm®)
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TABLE 1
ISM DENSITY MASK PARAMETERS
Superluminal

r T t td d, Aty v=ri?

Peak  (x10"cm) (s) (x1CPs) (s) (cm) (s) ¥ (x10%)

AL 4.50 4.88x 10° 1.50 15.8 2.95x 10" 0.400 303.8 9.5
B...... 5.20 5.74x 10° 1.73 19.0 3.89x 10“ 0.622 2654 9.1
C...... 5.70 6.54x 10° 1.90 229 5.83x 10 1.13 200.5 8.3
D...... 6.20 7.64x 10° 2.07 30.1 9.03x 10" 5.16 139.9 6.9
E...... 6.50 9.22x 10° 217 55.9 2.27x 10 10.2 57.23 3.9
F.o.... 6.80 1.10x 10* 2.27 87.4 2.42x 10®° 106 56.24 2.6

Note.—For each ISM density peak represented in Fig. 3, we give the initial radilue corresponding comoving
time 7, laboratory timet, arrival time at the detectaf , diameter of the ABM pulse visible @ea , Lorentz factor
v, and observed duratioft?  of the afterglow luminosity peaks generated by each density peak. In the last column,
the apparent motion in the radial coordinate, evaluated in the arrival time at the detector, leads to an enormous
superluminal behavior, up 1.5 x 10%

luminosity, by a factor that at the E-APE is in the range between with the D shell is~1.0 x 10" c¢cm, equal to the extension of

10" and 102 the ISM shell (see Table 1 and Ruffini et al. 2002b). Under
The results are given in Figure 5. We obtain, in perfect these conditions, the concentric shell approximation does not
agreement with the observations (see Fig. 4): hold anymore: the disagreement with the observations simply

makes manifest the need for a more detailed description of the
three-dimensional nature of the ISM cloud.
. The physical reasons for these results can be simply sum-
marized: we can distinguish two different regimes correspond-
ing in the afterglow of GRB 991216, respectively, 1>
Interestingly, the signals from shells E and F, which have a 150 and to~ < 150. For different sources, this value may be
density inhomogeneity comparable to A, are undetectable. Theslightly different. In the E-APE regiony(> 150 ), the GRB
reason is due to a variety of relativistic effects and partly to Substructure intensities indeed correlate with the ISM inhom-
the spreading in the arrival time, which for A, corresponding 0geneities. In this limited region (see peaks A, B, and C), the
to v = 303.8 is 0.4 s, while for E (F), corresponding to Lorentz gamma factor of the ABM pulse ranges from-
v = 57.23(56.24), is 10.2 s (10.6 s) (see Table 1 and Ruffini 30410y ~200. The boundary of the visible region is smaller
et al. 2002b). than the thicknesaR  of the inhomogeneities (see Fig. 1 and
In the case of D, the agreement with the arrival time is Table 1). Under this condition, the adopted spherical approx-
reached, but we do not obtain the double-peaked structure. Thdmation is not only mathematically simpler but also fully jus-
ABM pulse visible area diameter at the moment of interaction

1. the theoretically computed intensity of the A, B, and C
peaks as a function of the ISM inhomogneities;

2. the fast rise and exponential decay shape for each peak

3. a continuous and smooth emission between the peaks.

1.4x10%

s BATSE Trigger 7906 B | ' ' ' " variable —
4.0M0° T _ \ c M constat ———-—-
[ Ch: (1:4) T izac® | / BATSE noise level - |
Time Res: 0.064 s g
[ :ﬁ; 51
r & 1.0x10°" q
r 3
30081 B C R ] A\
L // g 8.0x10% - \ E
[ / @ y
i ) D g
~ / 6.0x10% E
2 L NoillY / z 6
@ 2
€ 5 / £
L i S
g 200 ‘ ’ g 40x10% 1
[} F >
g L A H /F
r \ £ 20x00 | B
[ — X 3
| =, 5500 [ \
50 1 b o . . . . . . . .
1,010 2 sooo- 7 [ 10 20 30 40 5 60 70 80 90 100
3 L i ‘ d
L& 4500 e 1 pr . N Detector arrival time (1,"} (s)
L “%% 0 20 k ‘{ 1 o o i
r h \ Fic. 5.—Source luminosity connected to the mask in Fig. 3 given as a
r » / W \ function of the detector arrival timedlid “ spiky” line), with the corresponding
0 e | "‘w—w‘w - curve for the case of constamg, = 1 particle ¢ntsmooth dashed line) and
20 0 o a0 a0 s the BATSE noise levelhorizontal dotted ling). The “noise” observed in the
Seconds Since Trigger (991216 : 58021.369) theoretical curves is due to the discretization process adopted, described in

Ruffini et al. (2002b), for the description of the angular spreading of the
Fic. 4 —BATSE data on the E-APE of GRB 991216 (source: BATSE GRB scattered radiation. For each fixed value of the laboratory time, we have
light curves; see http://[gammaray.msfc.nasa.gov/batse/grb/lightcurve) togethersummed 500 different contributions from different angles. The integration of
with an enlargement of the P-GRB data (source: BATSE rapid burst response;the equation of motion of this system is performed in 22,314,500 contributions
see http://[gammaray.msfc.nasa.gdippen/batserbr). For convenience, each to be considered. An increase in the number of steps and in the precision of
E-APE peak has been labeled by a different uppercase Latin letter. the numerical computation would lead to a smoother curve.
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tified. The angular spreading is not strong enough to wipe outthe medium surrounding the sources of GRBs (Dermer & Mit-
the signal from the inhomogeneity spike. man 1999).

As we descend in the afterglowy £ 150 ), the Lorentz From our analysis, we can conclude that Dermer’s conclu-
gamma factor decreases markedly. In the borderline case ofions are correct foy ~300 and do indeed hold 4or 150
peak D, we havey ~ 140 . For peaks E and F, we have However, as the gamma factor drops frgm- 150 +te- 1
50, and, under these circumstances, the boundary of the visible(see Fig. 2), the intensity due to the inhomogeneities markedly
region becomes much larger than the thickn&Bs of the in-decreases also due to the angular spreading (events E and F).
homogeneities (see Fig. 1 and Table 1). A three-dimensionalThe initial Lorentz factor of the ABM pulsg ~ 310 decreases
description would be necessary, breaking the spherical sym-very rapidly toy ~ 150 as soon as a fraction of a typical ISM
metry and making the computation more difficult. However, cloud is engulfed (see Fig. 2 and Table 1). We conclude that
we do not need to perform this more complex analysis for the “tomography” is indeed effective but uniquely in the first
peaks E and F: any three-dimensional description would a for- ISM region close to the source and for GRBs wjth 150
tiori augment the smoothing of the observed flux. The spher- One of the most striking features in our analysis is clearly
ically symmetric description of the inhomogeneities is already represented by the fact that the inhomogeneities of a mask of
enough to prove the overwhelming effect of the angular spread-radial dimension of the order of ¥&m give rise to arrival time
ing (Ruffini et al. 2002b). signals of the order of 20 s. This outstanding result implies an

On this general issue of the possible explanation of the ob- apparent “superluminal velocity” of1C°c (see Table 1). The
served substructures with the ISM inhomogeneities, there existssuperluminal velocity here considered, first introduced in Ruffini
in the literature two extreme points of view: the one by Fen- et al. (2001a), refers to the motion along the line of sight. This
imore and collaborators (see, e.g., Fenimore, Madras, & Nay-effect is proportional tg?. It is much larger than the one usually
akshin 1996; Fenimore et al. 1999; Fenimore 1999) and Piranconsidered in the literature, within the context of radio sources
and collaborators (see, e.g., Sari & Piran 1997; Piran 1999,and microquasars (see, e.g., Mirabel & Rodriguez 1994), refer-
2000, 2001) on one side and the one by Dermer and collab-ring to the component of the velocity at right angles to the line
orators (Dermer 1998; Dermer, ‘Bcher, & Chiang 1999;  of sight (see details in Ruffini et al. 2002b). This second effect
Dermer & Mitman 1999) on the other. is in fact proportional toy (see Rees 1966). We recall that this

Fenimore and collaborators have emphasized the relevancesuperluminal velocity was the starting point for the enunciation
of a specific signature to be expected in the collision of a of the relative spacetime transformation paradigm (Ruffini et al.
relativistic expanding shell with the ISM, what they call a fast 2001a), emphasizing the need of the knowledge ofetfige
rise and exponential decay shape. This feature is confirmed bypast worldlines of the source. This need has been further clarified
our analysis (see peaks A, B, and C in Fig. 5). However, they here in the determination of the EQTSs (see Fig), Which
also conclude, sharing the opinion by Piran and collaborators,indeed depend on an integral of the Lorentz gamma factor ex-
that the variability observed in GRBs is inconsistent with caus- tended over thentire past worldlines of the source. In turn,
ally connected variations in a single, symmetric, relativistic therefore, the agreement between the observed structures and
shell interacting with the ambient material (“external shocks”; the theoretical predicted ones (see Figs. 4 and 5) is also an
Fenimore et al. 1999). In their opinion, the solution of the short extremely stringent additional test on the values of the Lorentz
time variability has to be envisioned within the protracted ac- gamma factor determined as a function of the radial coordinate
tivity of an unspecified “inner engine” (Sari & Piran 1997; see within the EMBH theory (see Fig. 2).
as well Rees & Mszaos 1994; Panaitescu & Meaos 1998;

Mészaos & Rees 2000, 2001; Meaos 2002).

On the other hand, Dermer and collaborators, by considering We thank R. Giacconi for suggestions on the wording of the
an idealized process occurring ata fixee 300 , have reachedmanuscript, an anonymous referee for excellent advice, and M.
the opposite conclusions, and they purport that GRB light Rees for convincing us of the necessity of presenting our
curves are tomographic images of the density distributions of results.
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If due attention is given in formulating the basic equations for the Gamma-Ray Burst (GRB)
phenomenon and in performing the corresponding quantitative analysis, GRBs open a main avenue
of inquiring on totally new physical and astrophysical regimes. This program is very likely one of the
greatest computational efforts in physics and astrophysics and cannot be actuated using shortcuts. A
systematic approach is needed which has been highlighted in three basic new paradigms: the relative
space-time transformation (RSTT) paradigm (Ruffini et al. [144]), the interpretation of the burst
structure (IBS) paradigm (Ruffini et al. [145]), the GRB-supernova time sequence (GSTS) paradigm
(Ruffini et al. [146]). From the point of view of fundamental physics new regimes are explored: (1)
the process of energy extraction from black holes; (2) the quantum and general relativistic effects
of matter-antimatter creation near the black hole horizon; (3) the physics of ultrarelativisitc shock
waves with Lorentz gamma factor v > 100. From the point of view of astronomy and astrophysics
also new regimes are explored: (i) the occurrence of gravitational collapse to a black hole from a
critical mass core of mass M 2 10Mg, which clearly differs from the values of the critical mass
encountered in the study of stars “catalyzed at the endpoint of thermonuclear evolution” (white
dwarfs and neutron stars); (ii) the extremely high efficiency of the spherical collapse to a black hole,
where almost 99.99% of the core mass collapses leaving negligible remnant; (iii) the necessity of
developing a fine tuning in the final phases of thermonuclear evolution of the stars, both for the star
collapsing to the black hole and the surrounding ones, in order to explain the possible occurrence of
the “induced gravitational collapse”. New regimes are as well encountered from the point of view of
nature of GRBs: (I) the basic structure of GRBs is uniquely composed by a proper-GRB (P-GRB)
and the afterglow; (II) the long bursts are then simply explained as the peak of the afterglow (the E-
APE) and their observed time variability is explained in terms of inhomogeneities in the interstellar
medium (ISM); (III) the short bursts are identified with the P-GRBs and the crucial information on
general relativistic and vacuum polarization effects are encoded in their spectra and intensity time
variability. A new class of space missions to acquire information on such extreme new regimes are
urgently needed.
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I. INTRODUCTION

In understanding new astrophysical phenomena, the solution has been found as soon as the energy source of the
phenomena has been identified. This has been the case for pulsars (see Hewish et al. [79]) where the rotational energy
of the neutron star was identified as the energy source (see e.g. Gold [68, 69]). Similarly, in binary X-ray sources
the accretion process from a normal companion star in the deep potential well of a neutron star or a black hole
has clearly pointed to the gravitational energy of the accreting matter as the basic energy source and all the main
features of the light curves of the sources have been clearly understood (Giacconi & Ruffini [66]). In this spirit, our
work in the field of Gamma-Ray Bursts (GRBs) has focused to identify the energy extraction process from the black
hole (Christodoulou & Ruffini [30]) as the basic energy sources for the GRB phenomenon: a distinguishing feature
of this process is a theoretically predicted energetics of the source all the way up to 1.8 x 105 (Mpy/Mg) ergs for
3.2My < Mpp < 7.2 x 10°Mg (Damour & Ruffini [33]). In particular, the very specific process of the formation of
a “dyadosphere”, during the process of gravitational collapse leading to a black hole endowed with electromagnetic
structure (EMBH), has been indicated as originating and giving the initial boundary conditions of the onset of the
GRB process (Preparata et al. [124], Ruffini [137]). Our model has been referred as “the EMBH model for GRBs”,
although the EMBH physics only determines the initial boundary conditions of the GRB process by specifying the
physical parameters and spatial extension of the neutral electron positron plasma originating the phenomenon.

Traditionally, following the observations of the Vela (Strong [175]) and CGRO" satellites, GRBs have been charac-
terized by few parameters such as the fluence, the characteristic duration (Typ or Th¢) and the global time averaged
spectral distribution (Band et al. [7]). With the observations of BeppoSAX? and the discovery of the afterglow, and
the consequent optical identification, the distance of the GRB source has been determined and consequently the total
energetics of the source has been added as a crucial parameter.

The observed energetics of GRBs, coinciding for spherically symmetric explosions with the ones theoretically pre-
dicted in (Damour & Ruffini [33]), has convinced us to develop in full details the EMBH model. For simplicity,
we have considered the vacuum polarization process occurring in an already formed Riessner-Nordstrom black hole
(Preparata et al. [124], Ruffini [137]), whose dyadosphere has an energy Eqy,. It is clear, however, that this is only
an approximation to the real dynamical description of the process of gravitational collapse to an EMBH. In order
to prepare the background for attacking this extremely complex dynamical process, we have clarified some basic
theoretical issues, necessary to be implemented prior to the description of the fully dynamical process of gravitational
collapse to an EMBH (Cherubini et al. [28], Ruffini & Vitagliano [156, 157], see section XXVII). We have then
described the following five eras in our model. Era I: the eTe™ pairs plasma, initially at v = 1, expands away from
the dyadosphere as a sharp pulse (the PEM pulse), reaching Lorentz gamma factor of the order of 100 (Ruffini et
al. [142]). Era II: the PEM pulse, still optically thick, engulfs the remnant left over in the process of gravitational
collapse of the progenitor star with a drastic reduction of the gamma factor; the mass Mp of this engulfed baryonic
material is expressed by the dimensionless parameter B = Mpc?/Eqyq (Ruffini et al. [143)). Era III: the newly formed
pair-electromagnetic-baryonic (PEMB) pulse, composed of eTe™ pair and of the electrons and baryons of the engulfed

1 see http://cossc.gsfc.nasa.gov/batse/
2 see http://www.asdc.asi.it/bepposax/
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material, self-propels itself outward reaching in some sources Lorentz gamma factors of 103-10%; this era stops when
the transparency condition is reached and the emission of the proper-GRB (P-GRB) occurs (Bianco et al. [13]). Era
IV: the resulting accelerated baryonic matter (ABM) pulse, ballistically expanding after the transparency condition
has been reached, collides at ultrarelativistic velocities with the baryons and electrons of the interstellar matter (ISM)
which is assumed to have a average constant number density, giving origin to the afterglow. Era V: this era represents
the transition from the ultrarelativistic regime to the relativistic and then to the non relativistic ones (Ruffini et al.
[149]).

Our approach differs in many respect from the ones in the current literature. The major difference consists in the
appropriate theoretical description of all the above five eras, as well as in the evaluation of the process of vacuum
polarization originating the dyadosphere. The dynamical equations as well as the description of the phenomenon
in the laboratory time and the time sequence carried by light signals recorded at the detector have been explicitly
integrated (see e.g. Tab. I and Ruffini et al. [149, 153]). In doing so we have also corrected a basic conceptual
mistake, common to all the current works on GRBs, which led to the wrong spacetime parametrization of the GRB
phenomenon, preempting all these theoretical works from their predictive power. The description of the inner engine
originating the GRBs has never been addressed in the necessary details in the literature. In this sense neither the
specific boundary conditions originating in the dyadosphere nor the needed solutions of the relativistic hydrodynamic
and pair equations for the first three eras described above have been considered. Only the treatment of the afterglow
has been widely considered in the literature by the so-called “fireball model” (see e.g. Mészdros & Rees [92, 94], Piran
[116], Rees & Mészdros [128] and references therein).

However, also in the description of the afterglow, which is represented by the two conceptually and technically
simplest eras in our model, there are major differences between the works in the literature and our approach:

a) Processes of synchrotron radiation and inverse Compton as well as an adiabatic expansion in the source generating
the afterglow are usually adopted in the current literature. On the contrary, in our approach a “fully radiative”
condition is systematically adopted in the description of the X-ray and ~-ray emission of the afterglow. The basic
microphysical emission process is traced back to the physics of shock waves as considered by Zel’dovich & Rayzer
[193]. A special attention is given to identify such processes in the comoving frame of the shock front generating the
observed spectra of the afterglow (see Ruffini et al. [150]).

b) In the literature the variation of the gamma Lorentz factor during the afterglow is expressed by a unique power-law
of the radial co-ordinate of the source and a similar power-law relation is assumed also between the radial coordinate
of the source and the asymptotic observer frame time. Such simple approximations appear to be quite inadequate and
do contrast with the almost hundred pages summarizing the needed computations which we recall in the rest of this
article. In our approach the dynamical equations of the source are integrated self-consistently with the constitutive
equations relating the observer frame time to the laboratory time and the boundary conditions are adopted and
uniquely determined by each previous era of the GRB source (see e.g. Ruffini et al. [148, 149, 150, 153]).

c) At variance with the many power-laws for the observed afterglow flux found in the literature, our treatment
naturally leads to a “golden value” for the power-law index n = —1.6. The fit of the EMBH model to the observed
afterglow data fixes the only two free parameters of our theory: the E4y, and the B parameter, measuring the remnant
mass left over by the gravitational collapse of the progenitor star (Ruffini et al. [148, 149, 150, 153]).

It is not surprising that such large differences in the theoretical treatment have led to a different interpretation of
the GRB phenomenon as well as to the identification of new fundamental physical regimes. The introduction of new
interpretative paradigms has been necessary and the theory has been confirmed by the observation to extremely high
accuracy.

In particular from the definition of the complete space-time coordinates of the GRB phenomenon as a function of
the radial coordinate, the comoving time, the laboratory time, the arrival time and the arrival time at the detector,
expressed in Tab. I, it has been concluded that in no way a description of a given era is possible in the GRB
phenomena without the knowledge of the previous ones. Therefore the afterglow as such cannot be interpreted unless
all the previous eras have been correctly computed and estimated. It has also become clear that a great accuracy in the
analysis of each era is necessary in order to identify the theoretically predicted features with the observed ones. If this is
done, the GRB phenomena presents an extraordinary and extremely precise correspondence between the theoretically
predicted features and the observations leading to the exploration of totally new physical and astrophysical process
with unprecedented accuracy. This has been expressed in the relative space-time transformation (RSTT) paradigm:
“the necessary condition in order to interpret the GRB data, given in terms of the arrival time at the detector, is
the knowledge of the entire worldline of the source from the gravitational collapse. In order to meet this condition,
given a proper theoretical description and the correct constitutive equations, it is sufficient to know the energy of the
dyadosphere and the mass of the remnant of the progenitor star” (Ruffini et al. [144]).

Having determined the two independent parameters of the EMBH model, namely Egq,, and B, by the fit of the
afterglow we have introduced a new interpretative paradigm for the burst structure: the IBS paradigm (Ruffini et al.
[145]). In it we reconsider the relative roles of the afterglow and the burst in the GRBs by defining in this complex
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phenomenon two new phases:

1) the injector phase starting with the process of gravitational collapse, encompassing the above Eras I, II, III and
ending with the emission of the Proper-GRB (P-GRB);

2) the beam-target phase encompassing the above Eras IV and V giving rise to the afterglow. In particular in the
afterglow three different regimes are present for the average bolometric intensity : one increasing with arrival time,
a second one with an Extended Afterglow Peak Emission (E-APE) and finally one decreasing as a function of the
arrival time. Only this last one appears to have been considered in the current literature (Ruffini et al. [145]).

The EMBH model allows, in the case of GRB 991216, to compute the intensity ratio of the afterglow to the P-GRB
(1.45-1072), and the arrival time of the P-GRB (8.413 - 10~ 2s) as well as the arrival time of the peak of the afterglow
(19.87s) (see Figs. 12,6,11). The fact that the theoretically predicted intensities coincide within a few percent with
the observed ones and that the arrival time of the P-GRB and the peak of the afterglow also do coincide within a
tenth of millisecond with the observed one can be certainly considered a clear success of the predictive power of the
EMBH model.

As a by-product of this successful analysis, we have reached the following conclusions:

a) The most general GRB is composed by a P-GRB, an E-APE and the rest of the afterglow. The ratio between the
P-GRB and the E-APE intensities is a function of the B parameter.

b) In the limit B=0 all the energy is emitted in the P-GRB. These events represent the “short burst” class, for which
no afterglows has been observed.

c) The “long bursts” do not exist, they are just part of the afterglow, the E-APEs.

We are currently verifying these theoretical predictions on the following GRBs: GRB 991216, GRB 980425,
GRB 970228, GRB 980519. It is very remarkable that, although the energetics of GRB 980425 (see Fig. 12) dif-
fers from the one of GRB 991216 by roughly five orders of magnitude, the model applies also to this case with success.
Furthermore from these analysis we can claim that both in the case of GRB 991216 and in the case of GRB 980425
there is not significant departure from spherical symmetry.

While this analysis of the average bolometric intensity of GRB was going on in the radial approximation, we have
proceeded to the full non-radial approximation, taking into account all the relativistic corrections for the off-axis
emission from the spherically symmetric expansion of the ABM pulse (Ruffini et al. [148, 153]). We have so defined
the temporal evolution of the ABM pulse visible area (see Fig. 13), as well as the equitemporal surfaces (see Fig. 13)
(Ruffini et al. [148, 153]).

‘We have then addressed the issue whether the fast temporal variations observed in the so-called long bursts, on time
scales as short as fraction of a second (Ruffini et al. [148]), can indeed be explained as an effect of inhomogeneities in
the interstellar medium.

We are making further progress in identifying the basic mechanisms of energy release in the afterglow by presenting
a new theoretical formalism which as a function of only one parameter fits the entire spectral distribution of the X-ray
and ~-ray radiation in GRB 991216 (Ruffini et al. [150]).

Finally the GRB-supernova time sequence (GSTS) paradigm introduces the concept of induced supernova explosion
in the supernovae-GRB association (Ruffini et al. [146]) leading to the very novel possibility of a process of gravitational
collapse induced on a companion star in a very special evolution phase by the GRB explosion.

Before concluding, we also present some theoretical developments which have been motivated by preparing the
analysis of the general relativistic effects during the process of gravitational collapse itself and we also show how such
results motivated by GRB studies have already generated new results in the fundamental understanding of black hole
physics.

In the next section we briefly summarize the main results and we will then give the summary of the treatment in
the following sections. For the complete details we refer to the quoted papers.

II. SUMMARY OF THE MAIN RESULTS
A. The physical and astrophysical background

Gamma-ray bursts (GRBs) are rapidly fueling one of the broadest scientific pursuit in the entire field of science,
both in the observational and theoretical domains. Following the discovery of GRBs by the Vela satellites (Strong
[175]), the observations from the Compton satellite and BATSE had shown the isotropic distribution of the GRBs
strongly suggesting a cosmological nature for their origin. It was still through the data of BATSE that the existence of
two families of bursts, the “short bursts” and the “long bursts” was presented, opening an intense scientific dialogue
on their origin still active today, see e.g. Schmidt [170] and section XII.

An enormous momentum was gained in this field by the discovery of the afterglow phenomena by the BeppoSAX
satellite and the optical identification of GRBs which have allowed the unequivocal identification of their sources at
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Figure 1: Selected events in the EMBH theory are represented. For each one the values of the energy density of the medium
and the distances from the EMBH, in the laboratory frame and in logarithmic scale, are given.

cosmological distances (see e.g. Costa [32]). It has become apparent that fluxes of 10° erg/s are reached: during the
peak emission the energy of a single GRB equals the energy emitted by all the stars of the Universe (see e.g. Ruffini
[138]).

From an observational point of view, an unprecedented campaign of observations is at work using the largest
deployment of observational techniques from space with the satellites CGRO-BATSE, Beppo-SAX, Chandra3, R-
XTE*, XMM-Newton®, HETE-2%, as well as the HST", and from the ground with optical (KECK®, VLT?) and radio
(VLA19) observatories. The further possibility of examining correlations with the detection of ultra high energy cosmic
rays, UHECR for short, and in coincidence neutrinos should be reachable in the near future thanks to developments
of AUGER!M and AMANDA!? (see also Halzen [74]).

From a theoretical point of view, GRBs offer comparable opportunities to develop entire new domains in yet
untested directions of fundamental science. For the first time within the theory based on the vacuum polarization
process occurring in an electromagnetic black hole, the EMBH theory, see Fig. 1, the opportunity exists to theoretically
approach the following fundamental issues:

1. The extremely relativistic hydrodynamic phenomena of an electron-positron plasma expanding with sharply
varying gamma factors in the range 102 to 10* and the analysis of the very high energy collision of such an
expanding plasma with baryonic matter reaching intensities 1038 larger than the ones usually obtained in Earth-
based accelerators.

2. The bulk process of vacuum polarization created by overcritical electromagnetic fields, in the sense of Heisenberg,
Euler (Heisenberg & Euler [78]) and Schwinger (Schwinger [172]). This longly sought quantum ultrarelativistic
effect has not been yet unequivocally observed in heavy ion collision on the Earth (see e.g. Ganz et al. [62], Heinz
et al. [77], Leinberger et al. [88, 89]). The difficulty of the heavy ion collision experiments appears to be that the
overcritical field is reached only for time scales of the order //m,,c?, which is much shorter than the characteristic
time for the e*e™ pair creation process which is of the order of i/m.c?, where m, and m. are respectively the
proton and the electron mass. It is therefore very possible that the first appearance of such an effect occurs in
the present general relativistic context: in the strong electromagnetic fields developed in astrophysical conditions
during the process of gravitational collapse to an EMBH, where no problem of confinement exists.

3 see http://chandra.harvard.edu/

4 see http://heasarc.gsfc.nasa.gov/docs/xte/

5 see http://xmm.vilspa.esa.es/

6 see http://space.mit.edu/HETE/

7 see http://www.stsci.edu/

8 see http://www?2.keck.hawaii.edu:3636/

9 see http://www.eso.org/projects/vlt/
10 see http://www.aoc.nrao.edu/vla/html/VLAhome.shtml
11 see http://www.auger.org/
12 see http://amanda.berkeley.edu/amanda/amanda.html
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Figure 2: This qualitative diagram illustrates the relation between the laboratory time interval A¢ and the arrival time interval
At, for a pulse moving with velocity v in the laboratory time (solid line). We have indicated here the case where the motion
of the source has a nonzero acceleration. The arrival time is measured using light signals emitted by the pulse (dotted lines).
Ry is the distance of the observer from the EMBH, ¢ is the laboratory time corresponding to the onset of the gravitational
collapse, and r is the radius of the expanding pulse at a time t = to + At. See also Ruffini et al. [144].

3. A novel form of energy source: the extractable energy of a black hole. The enormous energies released almost
instantly in the observed GRBs, points to the possibility that for the first time we are witnessing the release of
the extractable energy of an EMBH, during the process of gravitational collapse itself. This problem presents
still some outstanding theoretical issues in black hole physics. Having progressed in some of these issues (see
Cherubini et al. [28], Ruffini & Vitagliano [156, 157], Ruffini et al. [159]) we can now compute and have the
opportunity to study all general relativistic as well as the associated ultrahigh energy quantum phenomena as
the horizon of the EMBH is approached and is being formed (see section XXVII).

It is clear that in approaching such a vast new field of research, implying previously unobserved relativistic and
quantum regimes, it is not possible to proceed as usual with an uncritical comparison of observational data to
theoretical models within the classical schemes of astronomy and astrophysics. Some insight to the new approach
needed can be gained from past experience in the interpretation of relativistic effects in high energy particle physics
as well as from the explanation of some observed relativistic effects in the astrophysical domain. Those relativistic
regimes, both in physics and astrophysics, are however much less extreme than those encountered now in GRBs.

There are three major new features in relativistic systems which have to be properly taken into account:

1. Practically all data on astronomical and astrophysical systems is acquired by using photon arrival times. It was
Einstein [47] at the very initial steps of special relativity who cautioned about the use of such an arrival time
analysis and stated that when dealing with objects in motion proper care should be taken in defining the time
synchronization procedure in order to construct the correct space-time coordinate grid (see Fig. 2). It is not
surprising that as soon as the first relativistic bulk motion effects were observed their interpretations within the
classical framework of astrophysics led to the concept of “superluminal” motion. These were observations of
extragalactic radio sources, with gamma factors ~ 10 (Biretta et al. [16]) and of microquasars in our own galaxy
with gamma factor ~ 5 (Mirabel & Rodriguez [102]). It has been recognized (Rees [127]) that no “superluminal”
motion exists if the prescriptions indicated by Einstein are used in order to establish the correct space-time grid
for the astrophysical systems. In the present context of GRBs, where the gamma factor can easily surpass 102
and is very highly varying, this approximation breaks down (Bianco et al. [13], Ruffini et al. [144, 153]). The
direct application of classical concepts in this context would lead to enormous “superluminal” behaviors (see e.g.
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Tab. I). An approach based on classical arrival time considerations as sometimes done in the current literature
completely subverts the causal relation in the observed astrophysical phenomenon.

2. One of the clear successes of relativistic field theories has been the understanding of the role of four-momentum
conservation laws in multiparticle collisions and decays such as in the reaction: n — p+ e~ + .. From the
works of Pauli and Fermi it became clear how in such a process, contrary to the case of classical mechanics, it is
impossible to analyze a single term of the decay, the electron or the proton or the neutrino or the neutron, out of
the context of the global point of view of the relativistic conservation of the total four momentum of the system.
This in turn involves the knowledge of the system during the entire decay process. These rules are routinely
used by workers in high energy particle physics and have become part of their cultural background. If we apply
these same rules to the case of the relativistic system of a GRB it is clear that it is just impossible to consider
a part of the system, e.g. the afterglow, without taking into account the general conservation laws and whole
relativistic history of the entire system. Especially since in astrophysics the “somewhat pathological” arrival
time coordinate is basically used (see Fig. 2). The description of the afterglow alone, as has been given at times
in the literature, indeed possible within the framework of classical astronomy and astrophysics, is not viable
in a relativistic astrophysics context where the space-time grid necessary for the description of the afterglow
depends on the entire previous relativistic part of the worldline of the system (see also section XV).

3. The lifetime of a process has not an absolute meaning as special and general relativity have shown. It depends
both on the inertial reference frame of the laboratory and of the observer and on their relative motion. Such
a phenomenon, generally expressed in the “twin paradox”, has been extensively checked and confirmed to
extremely high accuracy as a byproduct of the elementary particle physics (g-2) experiment (see e.g. van Dick
[178]). This situation is much more extreme in GRBs due to the very large (in the range 102-10%) and time
varying (on time scales ranging from fractions of seconds to months) gamma factors between the comoving frame
and the far away observer (see Fig. 8). Moreover in the GRB context such an observer is also affected by the
cosmological recession velocities of its local Lorentz frame.

B. The Relative Space-Time Transformations: the RSTT paradigm and current scientific literature

Here are some of the reasons why we have presented a basic relative space-time transformation (RSTT) paradigm
(Ruffini et al. [144]) to be applied prior to the interpretation of GRB data.

The first step is the establishment of the governing equations relating:

a) The comoving time of the pulse (1)

b) The laboratory time (t)

¢) The arrival time at the detector (¢,)

d) The arrival time at the detector corrected for cosmological expansion (t?)

The book-keeping of the four different times and corresponding space variables must be done carefully in order to
keep the correct causal relation in the time sequence of the events involved.

As formulated the RSTT paradigm contains two parts: the first one is a necessary condition, the second one a
sufficient condition. The first part reads: “the necessary condition in order to interpret the GRB data, given in
terms of the arrival time at the detector, is the knowledge of the entire worldline of the source from the gravitational
collapse”.

Clearly such an approach is in contrast with articles in the current literature which emphasize either some too
qualitative description of the sources and the quantitative description of the sole afterglow era. In this quantitative
description they oversimplify the relations between the radial coordinate of the source and its gamma Lorentz factor
as well as the relation between the radial coordinate and the arrival time using power-law relations which do not
correctly take into account the complexity of the problem.

In the current literature several attempts have addressed the issue of the sources of GRBs. They include scenarios
of binary neutron stars mergers (see e.g. Eichler et al. [46], Mészaros & Rees [92, 93], Narayan et al. [104]), black
hole / white dwarf (Fryer et al. [57]) and black hole / neutron star binaries (Mészdros & Rees [96], Paczyniski [108]),
hypernovae (see Paczyniski [110]), failed supernovae or collapsars (see MacFadyen & Woosley [90], Woosley [190]),
supranovae (see Vietri & Stella [181, 182]). Only those based on binary neutron stars have reached the stage of a
definite model and detailed quantitative estimates have been made. In this case, however, various problems have
surfaced: in the general energetics which cannot be greater than ~ 3 x 1052 erg, in the explanation of “long bursts”
(see Salmonson et al. [162], Wilson et al. [187]), and in the observed location of the GRB sources in star forming
regions (see Bloom et al. [21]). In the remaining cases attention was directed to a qualitative analysis of the sources
without addressing the overall problem from the source to the observations. Also generally missing are the necessary
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details to formulate the equations of the dynamical evolution of the system and to develop a complete theory to be
compared with the observations.

Other models in the literature have addressed the problem of only fitting the data of the afterglow observations by
simple power-laws. They are separated into two major classes:

The “internal shock model”, introduced by Rees & Mészéros [128], by far the most popular one, has been developed
in many different aspects, e.g. by Fenimore [49], Fenimore et al. [50], Paczyniski & Xu [109], Sari & Piran [165]. The
underlying assumption is that all the variabilities of GRBs in the range At ~ 1ms up to the overall duration T of
the order of 50s are determined by a yet undetermined “inner engine”. The difficulties of explaining the long time
scale bursts by a single explosive model has evolved into a subclass of approaches assuming an “inner engine” with
extended activity (see e.g. Piran [117] and references therein).

The “external shock model”, see e.g. Cavallo & Rees [25], Mészdros & Rees [94], Shemi & Piran [173], is less
popular today. Paradoxically, some of the authors who have qualitatively highlighted distinctive features of this
model have later disclaimed its validity (see e.g. Mészdros & Rees [98], Piran [116], Rees & Mészédros [128] and
references therein). Possibly they were carried to this extreme conclusion by an impressive sequence of mistakes they
made in implementing the basic physical processes of the model. This model relates the GRB light curves and time
variabilities to interactions of a single thin blast wave with clouds in the external medium. The interesting possibility
has been also recognized within this model, that GRB light curves “are tomographic images of the density distribution
of the medium surrounding the sources of GRBs” (Dermer & Mitman [42]), see also Dermer et al. [41], Dermer [43]
and references therein. In this case, the structure of the burst is assumed not to depend directly on the “inner engine”
(see e.g. Piran [117] and references therein).

All these works encounter the above mentioned difficulty: they present either a purely qualitative or phenomeno-
logical or a piecewise description of the GRB phenomenon. By neglecting the earlier phases, the relation of the
space-time grid to the photon arrival time is not properly estimated. To tell more explicitly, their clocks are out of
the proper synchronization and the theory is emptied of any predictive power!

We will explicitly show in the following how an unified description naturally leads to the identification of new
characteristic features both in the burst and afterglow of GRBs. Our theory, in respect to the afterglow description,
can be generally considered an “external shock model” and fits most satisfactorily all the observations.

C. The EMBH Theory

In a series of papers, we have developed the EMBH theory (Ruffini [137]) which has the advantage, despite its
simplicity, that all eras following the process of gravitational collapse are described by precise field equations which
can then be numerically integrated.

Starting from the vacuum polarization process ¢ la Heisenberg-Euler-Schwinger (Heisenberg & Euler 78], Schwinger
[172]) in the overcritical field of an EMBH first computed in Damour & Ruffini [33], we have developed the dyadosphere
concept (Preparata et al. [124]).

The dynamics of the eTe™-pairs and electromagnetic radiation of the plasma generated in the dyadosphere prop-
agating away from the EMBH in a sharp pulse (PEM pulse) has been studied by the Rome group and validated by
the numerical codes developed at Livermore Lab (Ruffini et al. [142]).

The collision of the still optically thick e*e~-pairs and electromagnetic radiation plasma with the baryonic matter
of the remnant of the progenitor star has been again studied by the Rome group and validated by the Livermore Lab
codes (Ruffini et al. [143]). The further evolution of the sharp pulse of pairs, electromagnetic radiation and baryons
(PEMB pulse) has been followed for increasing values of the gamma factor until the condition of transparency is
reached (Bianco et al. [13]).

As this PEMB pulse reaches transparency the proper GRB (P-GRB) is emitted (Ruffini et al. [145]) and a pulse
of accelerated baryonic matter (the ABM pulse) is injected into the interstellar medium (ISM) giving rise to the
afterglow.

D. The GRB 991216 as a prototypical source

In the early phases of development of our model, the EMBH theory was developed from first principles by the
EMBH uniqueness theorem (Ruffini & Wheeler [141]), the energetics of black hole (Christodoulou & Ruffini [30]) as
well as the quantum description of the vacuum polarization process in overcritical electromagnetic fields (Damour &
Ruffini [33]). Turning now to the afterglow, the variety of physical situations that can possibly be encountered are
very large and far from unique: the description from first principles is just impossible. We have therefore proceeded
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Figure 3: a) The peak emission of GRB 991216 as seen by BATSE (reproduced from BATSE Rapid Burst Response [6]); b)
The afterglow emission of GRB 991216 as seen by XTE and Chandra (reproduced from Halpern et al. [73]).

to properly identify what we consider a prototypical GRB source and to develop a theoretical framework in close
correspondence with the observational data.

The criteria which have guided us in the selection of the GRB source to be used as a prototype before proceeding
to an uncritical comparison with the theory are expressed in the following. It is now clear, since the observations of
GRB 980425, GRB 991216, GRB 970514 and GRB 980326 that the afterglow phenomena can present, especially in
the optical and radio wavelengths, features originating from phenomena spatially and causally distinct from the GRB
phenomena. There is also the distinct possibility that phenomena related to a supernova can be erroneously attributed
to a GRB. This problem has been clearly addressed by the GRB supernova time sequence (GSTS) paradigm in which
the time sequence of the events in the GRB supernova phenomena has been outlined (Ruffini et al. [146]). This has led
to the novel concept of an induced supernova (Ruffini et al. [146]). This problem will be addressed in a forthcoming
paper (Ruffini et al. [152]).

In view of these considerations we have selected GRB 991216 as a prototypical case (see Fig. 3) for the following
reasons:

1. GRB 991216 is one of the strongest GRBs in X-rays and is also quite general in the sense that it shows relevant
cosmological effects. It radiates mainly in X-rays and in 7-rays and less than 3% is emitted in the optical and
radio bands (see Halpern et al. [73]).

2. The excellent data obtained by BATSE on the burst (BATSE Rapid Burst Response [6]) is complemented by
the data on the afterglow acquired by Chandra (Piro et al., [120]) and RXTE (Corbet & Smith [31]). Also
superb data have been obtained from spectroscopy of the iron lines (Piro et al., [120]).

3. A value for the slope of the energy emission during the afterglow as a function of time has been obtained:
n = —1.64 (Takeshima et al. [176]) and n = —1.616 & 0.067 (Halpern et al. [73]).

E. The interpretation of the burst structure: the IBS paradigm and the different eras of the EMBH theory

The comparison of the EMBH theory with the data of the GRB 991216 and its afterglow has naturally led to a
new paradigm for the interpretation of the burst structures (IBS paradigm)) of GRBs (Ruffini et al. [145]). The
IBS paradigm reads: “In GRBs we can distinguish an injector phase and a beam-target phase. The injector phase
includes the process of gravitational collapse, the formation of the dyadosphere, as well as Era I (the PEM pulse),
Era II (the engulfment of the baryonic matter of the remnant) and Era III (the PEMB pulse). The injector phase
terminates with the P-GRB emission. The beam-target phase addresses the interaction of the ABM pulse, namely the
beam generated during the injection phase, with the ISM as the target. It gives rise to the E-APE and the decaying
part of the afterglow”. The detailed presentations of these results are a major topic in this article.
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Figure 4: The dyadosphere of a Reissner-Nordstrom black hole can be represented as constituted by a concentric set of shells
of capacitors, each one of thickness /i/me.c and producing a number of eTe™ pairs of the order of ~ Q/e on a time scale of
102! s, where Q is the EMBH charge. The shells extend in a region Ar, from the horizon 71 to the dyadosphere outer radius
ras (see text). The system evolves to a thermalised plasma configuration.

We recall that the injector phase starts from the moment of gravitational collapse and encompasses the following
eras:

The zeroth Era: the formation of the dyadosphere. In section III we review the basic scientific results which lie at
the basis of the EMBH theory: the black hole uniqueness theorem, the mass formula of an EMBH, the process of
vacuum polarization in the field of an EMBH. We also point out how after the discovery of the GRB afterglow the
reexamination of these results has led to the novel concept of the dyadosphere of an EMBH. We have investigated
this concept in the simplest possible case of an EMBH depending only on two parameters: the mass and charge,
corresponding to the Reissner-Nordstrom spacetime. We recall the definition of the energy Eg,, of the dyadosphere
as well as the spatial distribution and energetics of the eTe™ pairs. See Fig. 4. We return in section XXVII to the
theoretical development of the time varying process lasting less than a second in the process of a realistic gravitational
collapse. In reality the vacuum polarization process will lead to a final uncharged black hole, but the analysis based
on a Reissner-Nordstrom black hole is an excellent approximation to the description of this phenomenon (Ruffini et
al. [160]).

In order to analyse the time evolution of the dyadosphere we give in the three following sections the theoretical
background for the needed equations.

In section IV we give the general relativistic equations governing the hydrodynamics and the rate equations for the
plasma of eTe™-pairs.

In section V we give the governing equations relating the comoving time 7 to the laboratory time ¢ corresponding
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Figure 5: Comparison of gamma factor for the one-dimensional (1-D) hydrodynamic calculations (Livermore code) and slab
calculations (Rome code) as a function of the radial coordinate (in units of dyadosphere radius) in the laboratory frame. The
calculations show an excellent agreement.

to an inertial reference frame in which the EMBH is at rest and finally to the time measured at the detector t, which,
to finally get t¢, must be corrected to take into account the cosmological expansion.

In section VI we describe the numerical integration of the hydrodynamical equations and the rate equation developed
by the Rome and Livermore groups. This entire research program could never have materialized without the fortunate
interaction between the complementary computational techniques developed by these two groups. The validation of
the results of the Rome group by the fully general relativistic Livermore codes has been essential both from the point
of view of the validity of the numerical results and the interpretation of the scientific content of the results.

The Era I: the PEM pulse. In section IV by the direct comparison of the integrations performed with the Rome
and Livermore codes we show that among all possible geometries the e*e™ plasma moves outward from the EMBH
reaching a very unique relativistic configuration: the plasma self-organizes in a sharp pulse which expands in the
comoving frame exactly by the amount which compensates for the Lorentz contraction in the laboratory frame. The
sharp pulse remains of constant thickness in the laboratory frame and self-propels outwards reaching ultrarelativistic
regimes, with gamma factors larger than 102, in a few dyadosphere crossing times. We recall that, in analogy with the
electromagnetic (EM) pulse observed in a thermonuclear explosion on the Earth, we have defined this more energetic
pulse formed of electron-positron pairs and electromagnetic radiation a pair-electromagnetic-pulse or PEM pulse.

The Era II: We describe the interaction of the PEM pulse with the baryonic remnant of mass Mg left over from
the gravitational collapse of the progenitor star. We give the details of the decrease of the gamma factor and the
corresponding increase in the internal energy during the collision. The dimensionless parameter B = Mpc?/Eqy,
which measures the baryonic mass of the remnant in units of the Eg,, is introduced. This is the second fundamental
free parameter of the EMBH theory.

The Era III: We describe in section IX the further expansion of the ete™ plasma, after the engulfment of the
baryonic remnant of the progenitor star. By direct comparison of the results of integration obtained with the Rome
and the Livermore codes it is shown how the pair-electromagnetic-baryon (PEMB) plasma further expands and self
organizes in a sharp pulse of constant length in the laboratory frame (see Fig. 5). We have examined the formation
of this PEMB pulse in a wide range of values 1078 < B < 102 of the parameter B, the upper limit corresponding to
the limit of validity of the theoretical framework developed.

In section X it is shown how the effect of baryonic matter of the remnant, expressed by the parameter B, is to
smear out all the detailed information on the EMBH parameters. The evolution of the PEMB pulse is shown to
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Figure 6: Left) At the transparent point, the energy radiated in the P-GRB (the solid line) and (the dashed line) the final
kinetic energy of baryonic matter, EBaryons, in units of the total energy of the dyadosphere (Fayq), are plotted as functions of
the B parameter. Right) The energy corresponding to the peak of the photon number spectrum in the P-GRB as measured
in the laboratory frame is plotted as function of the B parameter.

depend only on Egy, and B: the PEMB pulse is degenerate in the mass and charge parameters of the EMBH and
rather independent of the exact location of the baryonic matter of the remnant.

In section XI the relevant thermodynamical quantities of the PEMB pulse, the temperature in the different frames
and the ete™ pair densities, are given and the approach to the transparency condition is examined. Particular
attention is given to the gradual transfer of the energy of the dyadosphere Eg,, to the kinetic energy of the baryons
EBaryons during the optically thick part of the PEMB pulse.

In section XII, as the condition of transparency is reached, the injector phase is concluded with the emission of a
sharp burst of electromagnetic radiation and an accelerated beam of highly relativistic baryons. We recall that we have
respectively defined the radiation burst (the proper GRB or for short P-GRB) and the accelerated-baryonic-matter
(ABM) pulse. By computing for a fixed value of the EMBH different PEMB pulses corresponding to selected values of
B in the range [10*8710*2]7 it has been possible to obtain a crucial universal diagram which is reproduced in Fig.6.
In the limit of B — 1078 or smaller almost all Egy, is emitted in the P-GRB and a negligible fraction is emitted in
the kinetic energy EBaryons Of the baryonic matter and therefore in the afterglow. On the other hand in the limit
B — 1072 which is also the limit of validity of our theoretical framework, almost all Egyq is transferred to Eparyons
and gives origin to the afterglow and the intensity of the P-GRB correspondingly decreases. We have identified the
limiting case of negligible values of B with the process of emission of the so called “short bursts”. A complementary
result reinforcing such an identification comes from the thermodynamical properties of the P-GRB: the hardness of
the spectrum decreases for increasing values of B, see Fig. 6.

The injector phase is concluded by the emission of the P-GRB and the ABM pulse, as the condition of transparency
is reached.

The beam-target phase, in which the accelerated baryonic matter (ABM) generated in the injector phase collides
with the ISM, gives origin to the afterglow. Again for simplicity we have adopted a minimum set of assumptions:

1. The ABM pulse is assumed to collide with a constant homogeneous interstellar medium of number density
Nism ~ lem™3. The energy emitted in the collision is assumed to be instantaneously radiated away (fully
radiative condition). The description of the collision and emission process is done using spherical symmetry,
taking only the radial approximation neglecting all the delayed emission due to off-axis scattered radiation.

2. Special attention is given to numerically compute the power of the afterglow as a function of the arrival time
using the correct governing equations for the space-time transformations in line with the RSTT paradigm.

3. Finally some approximate solutions are adopted in order to obtain the determination of the power law exponents
of the afterglow flux and compare and contrast them with the observational results as well as with the alternative
results in the literature.

We first consider the above mentioned radial approximation and a spherically symmetric distribution in order to
concentrate on the role of the correct space-time transformations in the RSTT paradigm and illustrate their impact
on the determination of the power law index of the afterglow. This topic has been seriously neglected in the literature.
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Figure 7: a) Afterglow luminosity computed for an EMBH of Egyq = 5.29 x 10°! erg, Eqyq = 4.83 x 10°® erg, Eqyq = 4.49 x 10%°
erg and B = 3 x 1073, b) for the Fgqy, = 4.83 x 10°3, we give the afterglow luminosities corresponding respectively to
B=9x10"3,6x107%,3x1073 1 x 1072, 7x 107%, 4 x 107*.

We then turn to the fully relativistic analysis of the off-axis emission and of the temporal structure in the long bursts
(see also Ruffini et al. [148] and sections XXI-XXII) and of their spectral distribution (see also Ruffini et al. [150] and
section XXIV). Details of the role of beaming are going to be discussed elsewhere (Ruffini et al. [151]).

We can now turn to the two eras of the beam-target phase:

The Era IV: the ultrarelativistic and relativistic regimes in the afterglow. In section XIII the hydrodynamic
relativistic equations governing the collision of the ABM pulse with the interstellar matter are given in the form of
a set of finite difference equations to be numerically integrated. Expressions for the internal energy developed in the
collision as well as for the gamma factor are given as a function of the mass of the swept up interstellar material
and of the initial conditions. In section XVIII the infinitesimal limit of these equations is given as well as analytic
power-law expansions in selected regimes.

The Era V: the approach to the nonrelativistic regimes in the afterglow. In section XIV it is stressed that this last
era often discussed in the current literature can be described by the same equations used for era IV.

Having established all the governing equations for all the eras of the EMBH theory, we can proceed to compare and
contrast the predictions of this theory with the observational data.

F. The Best fit of the EMBH theory to the GRB 991216: the global features of the solution

As expressed in section XV, we have proceeded to the identification of the only two free parameters of the EMBH the-
ory, E4yq and B, by fitting the observational data from R-XTE and Chandra on the decaying part of the GRB 991216
afterglow. The afterglow appears to have three different parts: in the first part the luminosity increases as a function
of the arrival time, it then reaches a maximum and finally monotonically decreases. In Fig. 7, we show how such a fit
is actually made and how changing the two free parameters affects the intensity and the location in time of the peak
of the afterglow. The best fit is obtained for Egy, = 4.83 x 103 erg and B = 3 x 1073,

Having determined the two free parameters of the theory, we have integrated the governing equations corresponding
to these values and then obtained for the first time the complete history of the gamma factor from the moment of
gravitational collapse to the latest phases of the afterglow observations (see Fig. 8). This diagram clearly shows the
inadequacy of considering a simple power-law relation v o r~3/2 for the relation between the radius of the source
and its Lorentz gamma factor as assumed in the large majority of current papers on GRBs (see e.g. Panaitescu &
Mészéaros [114], Piran [116], Sari [163, 164], Sari et al. [166], Waxman [186] and references therein). Actually, such a
power-law behaviour is never found to exist.

We have also determined the different regimes encountered in the relation between the laboratory time and the
detector arrival time within the RSTT paradigm compared and contrasted with the ones in the current literature
(see Fig. 9). The solid curve is computed using the exact formula prescribed by the RSTT paradigm (see Eq.(37) in
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Figure 8: The theoretically computed gamma factor for the parameter values Egy, = 4.83 X 10° erg, B = 3 x 1072 is given
as a function of the radial coordinate in the laboratory frame. The corresponding values in the comoving time, laboratory
time and arrival time are given in Tab. I. The different eras indicated by roman numerals are illustrated in the text (see
sections VILVIILIX XIIL,XIV), while the points 1,2,3,4,5 mark the beginning and end of each of these eras. The points Pr
and P4 mark the maximum of the afterglow flux, respectively in emission time and in arrival time (see Ruffini et al. [145] and
sections XIIL,XVIII). The point 6 is the beginning of Phase D in Era V (see sections XIV,XVIII). At point 4 the transparency
condition is reached and the P-GRB is emitted. This diagram clearly shows the inadequacy of considering a simple power-law
relation v o< #~%/2 for the relation between the radius of the source and its Lorentz gamma factor as assumed in the large
majority of current papers on GRBs (see e.g. Panaitescu & Mészdros [114], Piran [116], Sari [163, 164], Sari et al. [166], Waxman
[186] and references therein). Actually, such a power-law behaviour is never found to exist.
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0 7 ()

The dashed-dotted curve is computed using the approximate formula (see Eq.(41))

d t

ta - (1 +Z) 2’}/2 (t) )
often used in the current literature (see e.g. Fenimore et al. [48], Piran [116], Sari [163, 164], Waxman [186] and
references therein). The difference between the solid line and the dashed-dotted line clearly shows the inadequacy of
using such an approximate relation. We like to stress that the difference between the above two curves is especially
marked in the afterglow region. Note that this difference as been estimated assuming in both curves the correct relation
between the Lorentz gamma factor and the radial coordinated of the source given in Fig. 8. In the case that the
wrong relation v oc 7~%/2 is adopted as done in the literature (see e.g. Panaitescu & Mészéros [114], Piran [116], Sari
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Figure 9: Relation between the arrival time (tg) measured at the detector and the laboratory time (¢f) measured at
the GRB source. The solid curve is computed using the exact formula prescribed by the RSTT paradigm t¢ =
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c

7 > (see Eq.(37) in section V). The dashed-dotted curve is computed using the approximate

formula t& = (1 + 2) (t/27* (t)) (see Eq.(41)) often used in the current literature (see e.g. Fenimore et al. [48], Piran [116], Sari
[163, 164], Waxman [186] and references therein). The difference between the solid line and the dashed-dotted line clearly
shows the inadequacy of using such an approximate relation. We like to stress that the difference between the above two curves
is especially marked in the afterglow region. Note that this difference as been estimated assuming in both curves the correct
relation between the Lorentz gamma factor and the radial coordinated of the source given in Fig. 8. In the case that the wrong
relation v oc 732 is adopted as done in the literature (see e.g. Panaitescu & Mészaros [114], Piran [116], Sari [163, 164], Sari
et al. [166], Waxman [186] and references therein) the discrepancy between the two curves will be much larger. It is anyway
clear that, even knowing quantitatively the exact Lorentz gamma factor curve reported in Fig. 8, the use of the approximate
relation given in Eq.(41) is enough to miss the correct clock synchronization and to obtain a wrong value for the power-law
index n in the decaying phases of the afterglow (see sections XVIII-XIX and Tab. II). We distinguish four different phases.
Phase A: There is a linear relation between ¢ and 2, given by Eq.(137) in the text (dashed line). Phase B: There is an
“effective” power-law relation between t and tZ, given by Eq.(142) (dotted line). Phase C: No analytic formula holds and the
relation between ¢ and t¢ has to be directly computed by the integration of the complete equations of energy and momentum
conservation (Eqs.(107,108)). Phase D: As the gamma factor approaches v = 1, the relation between ¢ and t¢ asymptotically
goes to t = t2 (light gray line). See also Ruffini et al. [144].

[163, 164], Sari et al. [166], Waxman [186] and references therein) the discrepancy between the two curves will be
much larger. It is anyway clear that, even knowing quantitatively the exact Lorentz gamma factor curve reported in
Fig. 8, the use of the approximate relation given in Eq.(41) is enough to miss the correct clock synchronization and
to obtain a wrong value for the power-law index n in the decaying phases of the afterglow (see sections XVIII-XIX
and Tab. II).

To be more explicit, from the result given in Figs. 8-9 follows that all existing GRB models, with the exception of
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Figure 10: Best fit of the afterglow data of Chandra, RXTE as well as of the range of variability of the BATSE data on the
major burst, by a unique afterglow curve leading to the parameter values Egy, = 4.83 x 10%%erg, B = 3 x 1072, The horizontal
dotted line indicates the BATSE noise threshold. On the left axis the luminosity is given in units of the energy emitted at the
source, while the right axis gives the flux as received by the detectors.

ours, have the wrong spacetime coordinatization of the GRB phenomenon and they therefore lack the fundamental
toola to compare the theoretical prediction in the laboratory time to the observations carried out in the asymptotic
photon arrival time. This extreme situation affects all considerations on GRBs: as an example, all the considerations
on the afterglow slopes, which drastically depend on the functional dependence between the laboratory time and the
photon arrival time, are drastically affected (see subsection ITH below and Tab. II). In turn, all the considerations
about the possible existence of beaming in GRBs inferred from the afterglow slopes are in this circumstance deprived
of any meaning.

We have thus determined the entire space-time grid of the GRB 991216 by giving (see Tab. I) the radial coordinate
of the GRB phenomenon as a function of the four coordinate time variables. A quick glance to Tab. I shows how
the extreme relativistic regimes at work lead to enormous superluminal behaviour (up to 10°c!) if the classical
astrophysical concepts are adopted using the arrival time as the independent variable. In turn this implies that
any causal relation based on classical astrophysics and the arrival time data, as at times found in the current GRB
literature, is incorrect.

G. The explanation of the “long bursts” and the identification of the proper gamma ray burst(P-GRB)

In section XVI, having determined the two free parameters of the EMBH theory, we analyze the theoretical predic-
tions of this theory for the general structure of GRBs. The first striking result, illustrated in Fig. 10, shows that the
peak of the afterglow emission coincides both in intensity and in arrival time (19.87 s) with the average emission of
the long burst observed by BATSE. For this we have introduced the new concept of extended afterglow peak emission
(E-APE). Once the proper space-time grid is given (see Tab. I) it is immediately clear that the E-APE is generated
at distances of 5 x 10'® cm from the EMBH. The long bursts are then identified with the E-APEs and are not
bursts at all: they have been interpreted as bursts only because of the high threshold of the BATSE detectors (see
Fig. 10). Thus the long standing unsolved problem of explaining the long GRBs (see e.g. Piran [117], Salmonson et
al. [162], Wilson et al. [187]) is radically resolved.

Still in section XVI, the search for the identification of the P-GRB in the BATSE data is described. This
identification is made using the two fundamental diagrams shown in Fig. 11. Having established the value of
Egya = 4.83 x 10%% erg and of B = 3 x 1073, it is possible from the dashed line and the solid line in Fig. 11 to
evaluate the ratio of the energy Fp-grp emitted in the P-GRB to the energy Eparyons emitted in the afterglow cor-
responding to the determined value of B, see the vertical line in Fig. 11. We obtain Ep-grB/EBaryons = 1.58 X 1072,
which gives Ep-grp = 7.54 x 10°! erg. Having so determined the theoretically expected intensity of the P-GRB, a
second fundamental observable parameter, which is also a function of Eg,, and B, is the arrival time delay between
the P-GRB and the peak E-APE, determined in Fig. 11. From Tab. I, we have that the detector arrival time of the
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Table I: Gamma factors for selected events and their space-time coordinates. The points marked 1,2,3,4,5,6,Pr,,P4 are the
same reported in Fig. 8, while the point F' is the endpoint of the simulation. It is particularly important to read the last
column, where the apparent motion in the radial coordinate, evaluated in the arrival time at the detector, leads to an enormous
“superluminal” behaviour, up to 9.55 x 10* c. This illustrates well the impossibility of using such a classical estimate in regimes
with gamma factors up to 310.1.

“Superluminal”
Point | r(cm) 7(s) t(s) ta(s) td(s) 5 ;7
The Injector Phase

1 2.354 x 108 0.0 0.0 0.0 0.0 1.000 0
1.871 x 10° 1.550x1072| 5.886x 1072 4.312x1073 8.625x1073| 10.08 7.23¢
4.486 x 10° 2.141x107%| 1.463x107! 4.523x1074 9.046 x1073| 20.26 16.5¢
7.080 x 10° 2.485x107%| 2.320x107! 4.594%x1073 9.187x1073| 30.46 25.7¢
9.533 x 10° 2.715x107%| 3.148x 107! 4.627x1073 9.253x107%| 40.74 34.4¢
1.162 x 10*°|  2.868x1072| 3.845x107* 4.644x1073 9.288x 1073 | 49.70 41.7¢

2 1.162 x 10*°|  2.868x1072| 3.845x107! 4.644%x1073 9.288x1073| 49.70 41.7¢
1.186 x 10|  2.889x1072| 3.923x 107! 4.646x1073 9.292x1073| 38.06 42.6¢
1.234 x 10'°|  2.949x1072?| 4.083x 107! 4.655x1073 9.311x1073| 24.21 44.2¢
1.335 x 101°|  3.144x1072| 4.423x107! 4.706x 1073 9.413x1073| 15.14 47.3c
1.389 x 10*°|  3.279x1072| 4.603x107* 4.753%1073 9.506x 1073 | 12.94 48.7¢

3 1.389 x 10*°|  3.279x107%| 4.603x 107" 4.753%x 1073 9.506x 1073 | 12.94 48.7¢
2.326 x 10'°|  5.208x107%| 7.733x107! 5.369x 1073 1.074x 1072| 20.09 72.2¢
6.913 x 10'°|  9.694x107%| 2.304 6.086x 1073 1.217x1072| 50.66 1.89 x 10%¢
1.861 x 10*| 1.486x107'| 6.206 6.446x 1073 1.289x 1072{100.1 4.82 x 10%¢
9.629 x 10" | 3.112x107%| 32.12 6.978 x 1073 1.396 x 1072{200.3 2.30 x 10%¢
3.205 x 10'3|  3.958 1.069 x 10° 1.343x 1072 2.685x1072(300.1 3.98 x 10%¢
1.943 x 10™| 21.57 6.481 x 10% 4.206x 1072 8.413x1072(310.1 7.70 x 10*¢

The Beam-Target Phase

4 1.943 x 10™| 21.57 6.481 x 10° 4.206x 1072 8.413x1072(310.1 7.70 x 10*¢
6.663 x 10'°|  7.982 x 10®> | 6.481 x 10° 1.164 2.328 310.0 9.55 x 10*¢
2.863 x 10'%|  3.114 x 10® 9.549 x 10° 5.057 10.11 300.0 9.45 x 10*¢
4.692 x 10'¢|  5.241 x 103 1.565 x 10° 8.775 17.55 270.0 8.92 x 10%¢

Py 5.177 x 10'%|  5.853 x 10° 1.727 x 10° 9.933 19.87 258.5 8.69 x 10%¢
5.878 x 10'6|  6.791 x 10° 1.961 x 10° | 11.82 23.63 240.0 8.30 x 10*¢
6.580 x 10'¢|  7.811 x 10® 2.195 x 108 14.03 28.06 220.0 7.82 x 10%¢

Py 7.025 x 10'6|  8.506 x 10° 2.343 x 106 15.66 31.32 207.0 7.48 x 10%¢
7.262 x 10'6|  8.895 x 10° 2.422 x 108 16.61 33.23 200.0 7.29 x 10*¢
9.058 x 10'6|  1.236 x 10* | 3.021 x 10° | 26.66 53.32 150.0 5.67 x 10%¢
1.136 x 10*7|  1.866 x 10* 3.788 x 106 52.84 1.057 x 10% {100.0 3.58 x 10%¢
1.539 x 10*7|  3.819 x 10* 5.134 x 106 2.000 x 102 4.000 x 10 | 50.02 1.28 x 10%¢
2.801 x 10'7|  2.622 x 10° 9.351 x 108 7.278 x 10° 1.455 x 10* | 10.00 6.42 x 10%¢
3.624 x 10'7|  6.702 x 10° 1.213 x 107 3.860 x 10* 7.719 x 10* | 5.001 1.57 x 10%¢
4.454 x 10'7|  1.433 x 10° 1.500 x 107 1.439 x 10° 2.877 x 10° | 2.998 51.6¢

5 4.454 x 10'7|  1.433 x 10° 1.500 x 107 1.439 x 10° 2.877 x 10° | 2.998 51.6¢
4.830 x 107 1.928 x 10° 1.635 x 107 2.381 x 10° 4.762 x 10° | 2.500 33.8¢
5.390 x 10'7|  2.873 x 10° 1.844 x 107 4.643 x 10° 9.285 x 10° | 2.000 19.4¢
6.422 x 10'7|  5.387 x 108 2.271 x 107 1.291 x 10° 2.581 x 106 | 1.500 8.30¢
1.034 x 10*®|  2.903 x 107 | 5.002 x 107 1.552 x 107 3.103 x 107 | 1.054 1.11c

6 1.034 x 10*®|  2.903 x 107 5.002 x 107 1.552 x 107 3.103 x 107 | 1.054 1.11c
1.202 x 10™®|  4.979 x 107 7.150 x 107 3.140 x 107 6.280 x 107 | 1.025 6.38x107 !¢

F 1.248 x 10*®|  5.706 x 107 7.894 x 107 3.731 x 107 7.461 x 107 | 1.000 5.58x10 ¢
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Figure 11: Left) Relative intensities of the E-APE (dashed line) and the P-GRB (solid line), as predicted by the EMBH theory
corresponding to the values of the parameters determined in Fig. 10, as a function of B. Details are given in section XVI. The
vertical line corresponds to the value B = 3 x 1072. Right) The arrival time delay between the P-GRB and the peak of the
E-APE is plotted as a function of the B parameter for three selected values of Egyq.

P-GRB occurs at 8.41 x 1072 s, corresponding to a radial coordinate of 1.94 x 10'* ¢m, a comoving time of 21.57 s, a
laboratory time of 6.48 x 10%s and an arrival time of 4.21 x 1072 s. At this point, the gamma factor is 310.1. The
peak of the E-APE occurs at a detector arrival time of 19.87 s, corresponding to a radial coordinate of 5.18 x 10%¢ c¢m,
a comoving time of 5.85 x 103 s, a laboratory time of 1.73 x 10® s and an arrival time of 9.93 s (see Tab. I). The delay
between the P-GRB and the peak of the E-APE is therefore 19.78 s, see Fig. 11. The theoretical prediction on the
intensity and the arrival time uniquely identifies the P-GRB with the “precursor” in the GRB 991216 (see Fig. 3).
Moreover, the hardness of the P-GRB spectra is also evaluated in this section. As pointed out in the conclusions,
the fact that both the absolute and relative intensities of the P-GRB and E-APE have been predicted within a few
percent accuracy as well as the fact that their arrival time has been computed with the precision of a few tenths of
milliseconds, see Tab. I and Fig. 12, can be considered one of the major successes of the EMBH theory.

H. On the power-laws and beaming in the afterglow of GRB 991216.

In section XVIII a piecewise description of the afterglow by the expansion of the fundamental hydrodynamical
equations given by Taub [177] and Landau & Lifshitz [87] have allowed the determination of a power-law index for the
dependence of the afterglow luminosity on the photon arrival time at the detector. It is evident that the determination
of the power-law index is very sensitive to the basic assumptions made for the description of the afterglow, as well
as to the relations between the different temporal coordinates which have been clarified by the RSTT paradigm (see
Ruffini et al. [144]). The different power-law indexes obtained are compared and contrasted with the ones in the
current literature (see Tab. IT and section. XIX). As a byproduct of this analysis, see also the conclusions, there is
a perfect agreement between the observational data and the theoretical predictions, implying that the assumptions
we have adopted for the description of the afterglow (see section XIIT) must be necessarily all valid and therefore, in
particular, there is no evidence for a beamed emission in GRB 991216.

We then summarize in Fig. 12 the results for the average bolometric luminosity of GRB 991216 with particular
attention to the striking agreement, both in arrival time and in intensity, for the theoretically predicted structure of
the P-GRB and the E-APE with the observational data. To show the generality of application of the EMBH theory,
we have applied it also to GRB 980425 (see Ruffini [140]) and the excellent results are also shown, for comparsion, in
Fig. 12.

I. Substructures in the E-APE due to inhomogeneities in the Interstellar medium

In section XX the role of the inhomogeneities in the interstellar matter has been analyzed in order to explain the
observed temporal substructures in the BATSE data on GRB 991216. Having satisfactorily identified the average
intensity distribution of the afterglow and the relative position of the P-GRB, in Ruffini et al. [147] we have addressed
the issue whether the fast temporal variation observed in the so-called long bursts, on time scales as short as fraction of
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Table II: We compare and contrast the results on the power-law index n of the afterglow in the EMBH theory with other
treatments in the current literature, in the limit of high energy and fully radiative conditions. The differences between the
values of —10/7 ~ —1.43 (Dermer) and the results —1.6 in the EMBH theory can be retraced to the use of the two different
approximation in the arrival time versus the laboratory time given in Fig. 9. See details in section XVIII.

Chiang & Dermer [29] Piran [116]
EMBH theory Dermer et al. [41] Sari & Piran [168] | Vietri [180] |Halpern et al. [73]
Béttcher & Dermer [20] Piran [117]
Ultra-relativistic Y =" Y= Y="
Yo = 310.1
n=2 n=22 no~2
Relativistic v P8 g~ P8 v~ n > —1.47
3.0 <y <2585
n=-16 n=-2=-143 |n=-%5=-1375
Non-relativistic n=-1.36 n=-17
1.05 <y <3.0
Newtonian n = —145
1<y <105

a second (see e.g. Fishman & Meegan [53]), can indeed be explained as an effect of inhomogeneities in the interstellar
medium. Such a possibility was pioneered in the work by Dermer & Mitman [42], purporting that such a time
variability corresponds to a tomographic analysis of the ISM. In order to probe the validity of such an explanation,
we have first considered the simplified case of the radial approximation (Ruffini et al. [147]). The aim has been to
explore the possibility of explaining the observed fluctuation in intensity on a fraction of a second as originated from
inhomogeneities in ISM, typically of the order of 1016 due to apparent superluminal behaviour of roughly 10%c. We
have shown there that this approach is indeed viable: both the intensity variation and the time scale of the variability
in the E-APE region can be explained by the interaction of the ABM pulse with inhomogeneities in the ISM, taking into
due account the apparent superluminal effects. These effects, in turn, can be derived and computed self consistently
from the dynamics of the source. We have then described the inhomogeneities of the ISM by an appropriate density
profile (mask) of an ISM cloud. Of course at this stage, for simplicity, only the case of spherically symmetric “spikes”
with over-density separated by low-energy regions, has been considered. Each spike has been assumed to have the
spatial extension of 10®cm. The cloud average density is < njgm >= 1 particle/ cm®. In conclusion, from the data
of Tab. I and the highly “superluminal” behaviour of the source in the region of the E-APE, it is concluded that
the observed time variability in the intensity of the emission (AI /7) ~ 5 can be traced to inhomogeneities in the
interstellar matter: (Anism/nism) ~ 5. The typical size of the scattering region is estimated to be 5 x 10® cm,
and these are the typical sizes and density contrasts found in interstellar clouds. Since the emission of the E-APE
occurs at typical dimensions of the order of 5 x 1016 ¢m, the observed inhomogeneities are probing the structure of
the interstellar medium, and have nothing to do with the “inner engine” of the source.

The big issue was then open if all these results, obtained in the radial approximation, would still be valid in the
more general case when off-axis emission in the description of the afterglow is taken into account. This is the reason
why we have proceeded to the topic summarized in the next subsections (see Ruffini et al. [148]).
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Figure 12: Left) The overall description of the EMBH theory applied to GRB 991216. The BATSE noise threshold is
represented and the observations both of the P-GRB and of the E-APE are clearly shown in the subpanels. The continuos
line in the picture represents the theoretical prediction of the EMBH model. Right) The same diagrams are represented for
GRB 980425. Two aspects are especially important to be mentioned: a) in this source the theoretical prediction of the P-GRB
intensity is lower than the BATSE noise treshold and is therefore unobservable and unobserved; b) the E-APE is especially
smooth as a consequence of the low value of the gamma Lorentz factor (see also section XXIII and Ruffini [140]).

J. The definition of the equitemporal surfaces (EQTS) and the afterglow delayed intensity as a function of
the viewing angle

While the analysis of the average bolometric intensity of GRB was going on in the radial approximation, we
have proceeded to develop the full non-radial approximation, taking into account all the relativistic corrections for
the off-axis emission from the spherically symmetric expansion of the ABM pulse (see Ruffini et al. [148, 153] and
sections XXI-XXII). Photons emitted at the same time but at different angles of displacement from the line of sight
reach the detector at very different arrival times. Correspondingly, photons detected at the same arrival time are
emitted at very different times and angles. We have so defined the temporal evolution of the ABM pulse visible area
as well as the equitemporal surfaces (EQTS), i.e. the locus of points on the ABM pulse emitting surface corresponding
to a constant value of the photon arrival time at the detector.

The very same difficulties found in the current literature, relating the laboratory time to the photon arrival time at
the detector (see Figs. 8-9), still exists in the present context and are even magnified in the definition of the EQTS. In
a classical article, Rees [127] expressed the relation between the laboratory time and the arrival time at the detector in
order to explain observations in radio sources with a constant expansion velocity v and Lorentz gamma factor v ~ 5.
He pointed out the EQTS are ellipsoids of constant eccentricity v/c. In the current literature, the Rees approach
has been adapted to the analysis of GRBs (see e.g. Fenimore et al. [48], Piran [116], Sari [163, 164], Waxman [186]
and references therein). In addition to the very crucial relation between the laboratory time and the photon arrival
time, which has not been properly treated, there have been a variety of other approximation and averaging processes
on which we do not agree. Instead of specifically criticizing each assumption which we consider not correct, such
comparison will be made in a forthcoming paper (Ruffini et al. [155]), we just report here in the following the results
of the EQTS surfaces (see Fig. 13) obtained in conformity with the RSTT paradigm. In the present case of GRBs,
the gamma factor is not only much larger than the one observed in radio sources, but is also strongly time varying
(see Fig. 8). The Rees treatment has to be significantly improved to take into account the huge time variations in
the Lorentz gamma factor: this is not just a technical point of modifying a formula by the introduction of a new
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Figure 13: Left) This figure shows the temporal evolution of visible area of the ABM pulse. The dashed half-circles are the
expanding ABM pulse at radii corresponding to different laboratory times. The black curve marks the boundary of the visible
region. The EMBH is located at position (0,0) in this plot. Again, in the earliest GRB phases the visible region is squeezed
along the line of sight, while in the final part of the afterglow phase almost all the emitted photons reach the observer. This
time evolution of the visible area is crucial to the explanation of the GRB temporal structure. Right) Due to the extremely
high and extremely varying Lorentz gamma factor, photons reaching the detector on the Earth at the same arrival time are
actually emitted at very different times and positions. We represent here the surfaces of photon emission corresponding to
selected values of the photon arrival time at the detector: the equitemporal surfaces (EQTS). Such surfaces differ from the
ellipsoids described by Rees in the context of the expanding radio sources with typical Lorentz factor v ~ 4 and constant. In
fact, in GRB 991216 the Lorentz gamma factor ranges from 310 to 1. The EQTSes represented here (solid lines) correspond
respectively to values of the arrival time ranging from 5 s (the smallest surface on the left of the plot) to 60 s (the largest one
on the right). Each surface differs from the previous one by 5s. To each EQTS contributes emission processes occurring at
different values of the Lorentz gamma factor. The dashed lines are the boundaries of the visible area of the ABM pulse and
the EMBH is located at position (0,0) in this plot. Note the different scale on the two axes, indicating the very high EQTS
“effective eccentricity”. The time interval from 5s to 60s has been chosen to encompass the E-APE emission, ranging from
v = 308.8 to v = 56.84.

integral. There is in the present context the crucial point expressed in the RSTT paradigm that the relation between
the laboratory time and the arrival time at the detector is a function of all the the previous Lorentz gamma factors in
the history of the source since v =1 (see Fig. 9). In the definition of each EQTS, therefore, the entire previous past
history of the source does concur and the EQTS surfaces become therefore a very refined and sensitive test of the
correct description of the entire spacetime evolution of the source. In this case, we no longer have ellipsoids of constant
eccentricity 7. Since the velocity is strongly varying from point to point, we have more complicated surfaces like the
profiles reported in Fig. 13 where at every point there will be a tangent ellipsoid of a given eccentricity, but such an
ellipsoid varies in eccentricity from point to point (see Fig. 13 and section XXI). Any departure from the correct
equation of motion strongly alters the EQTS surfaces and accordingly modifies all the results of the integrations based
on the EQTS surfaces, e.g. the spectral distribution or the afterglow (Ruffini et al. [154]).

Having determined the EQTS surfaces we have computed the observed GRB flux at selected values of the photon
arrival time at the detector, taking into due account the delayed contributions at different angles and we have presented
the results in section XXII and Fig. 14.

We have then recomputed the afterglow emission of GRB 991216 taking into account all the effects due to this
temporal spreading in the arrival time as well as the ones due to the dependency of the photon Doppler shift on the
angle of displacement from the line of sight of the emission location (see section XXII). The result is reported in
Fig. 14.

From now on all the afterglow intensities are estimated using this very complex and extensive numerical program
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Figure 14: Left) The predicted afterglow curve for GRB 991216 assuming a constant ISM density equal to 1 particle/cm® and
taking into account all the effects due to off-axis emission (solid line). For comparison we plot also the corresponding curve
obtained in the simple radial approximation (dashed line). We see that this last curve falls sharply to zero when the ABM
pulse reaches v = 1, while the first one has a much smoother behavior due to the time delay in the arrival of the photons
emitted at large 9. Recall that when v tends to 1, the maximum allowed values of ¥ tend to 90°. Right) This figure shows
how the radiation emitted from different angles contributes to the afterglow luminosity. The solid line on the top of the picture
is the total luminosity as in the previous plots. The other dashed and dotted curves represent the radiation components
corresponding to selected values of n in Eq.(181). From the upper to the lower one they corresponds respectively to n = 0,
n = 0.05N, n =0.25N, n = 0.5N, n = N, where in this plot N = 200. We can easily see that the radiation emitted at large
angles (n = N) is time shifted with respect to that emitted near the line of sight (n = 0).

which is rooted in all previous history of the source: the general considerations on simple analytic expansion expressed
in section XVIII are kept only as an heuristic procedure as a guideline to comprehend these more complex results.

K. The E-APE temporal substructures taking into account the off-axis emission

Having determined the EQTS surfaces, we have reconsidered the E-APE temporal substructure taking into due
account the off-axis emission contribution (see Fig. 15 and section XXIII).

We can distinguish two different regimes corresponding respectively to v > 150 and to v < 150. In the E-APE
region (v > 150) the GRB substructure intensities indeed correlate with the ISM inhomogeneities. In this limited
region (see peaks A, B, C) the Lorentz gamma factor of the ABM pulse ranges from v ~ 304 to v ~ 200. The
boundary of the visible region is smaller than the thickness AR of the inhomogeneities (see Figs. 15,13, Tab. IV and
Ruffini et al. [148, 153]). Under these conditions the adopted spherical symmetry for the density spikes is not only
mathematically simpler but also fully justified. The angular spreading is not strong enough to wipe out the signal
from the inhomogeneity spike.

As we descend in the afterglow (v < 150), a border-line case occurs at peak D where v ~ 140. There the visible
region is comparable to the thickness AR: to fit the observed data a three dimensional description would be necessary,
breaking the spherical symmetry and making the computation more difficult, but we do not foresee any conceptual
difficulty. For the peaks E and F we have 7 ~ 50: under these circumstances the boundary of the visible region
becomes much larger than the thickness AR. The spherically symmetric description of the inhomogeneities is already
enough to prove the overwhelming effect of the angular spreading and no three dimensional description is needed
(Ruffini et al. [148, 153]).

From our analysis we can conclude that Dermer’s expectations do indeed hold for v > 150. However, as the gamma
factor drops from v ~ 150 to v ~ 1 the intensity due to the inhomogeneities markedly decreases due to the angular
spreading (events E and F). The initial Lorentz factor of the ABM pulse v ~ 310 decreases very rapidly to v ~ 150
as soon as a fraction of a typical ISM cloud is engulfed (see Figs. 15,8, Tab. IV and Ruffini et al. [148, 153]). We
conclude that the “tomography” is indeed effective, but uniquely in the first ISM region close to the source and for
GRBs with v > 150.

It is then clear that no information on the nature of the GRB source can be inferred by the analysis of the Ty,
nor by the intensity variability structure of the so-called “long burts”: the only indirect information can be obtained
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Figure 15: In this figure we summarize the main results of the fit obtained by the EMBH model for the E-APE intensity in
the case of GRB 991216 taking into account all off-axis contributions. The upper two diagrams represent respectively the
observational data and the corresponding theoretically computed results. On the lower left the “mask” of the spherically
symmetric density inhomogeneities with average < njsm >= 1particle/cm3 is represented. The table summarizes all the
parameters corresponding to the inhomogeneities including the vary large apparent superluminal effect up to ~ 10°c. Details
in section 23.

from the value of Lorentz gamma factor, which has to be v > 150 in presence of significant observed substructure.
In this sense compare and contrast the two cases of GRB 991216 and GRB 980425 where the v value in the E-APE
is found to be v ~ 120 (see Ruffini [140]). The intensity substructures in the E-APE only carry information on the
structure of the ISM clouds.

L. The observation of the iron lines in GRB 991216: on a possible GRB-supernova time sequence

In section XXV the program of using GRBs to further explore the region surrounding the newly formed EMBH
is carried one step further by using the observations of the emitted iron lines (Piro et al., [120]). This gives us
the opportunity to introduce the GRB-supernova time sequence (GSTS) paradigm and to introduce as well the novel
concept of an induced supernova explosion. The GSTS paradigm reads: A massive GRB-progenitor star Py of mass M
undergoes gravitational collapse to an EMBH. During this process a dyadosphere is formed and subsequently the P-GRB
and the E-APE are generated in sequence. They propagate and impact, with their photon and neutrino components,
on a second supernova-progenitor star Py of mass Ms. Assuming that both stars were generated approrimately at
the same time, we expect to have My < My. Under some special conditions of the thermonuclear evolution of the
supernova-progenitor star Ps, the collision of the P-GRB and the E-APE with the star Py can induce its supernova
explosion.

Using the result presented in Tab. I and in all preceding sections, the GSTS paradigm is illustrated in the case of
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GRB 991216. Some general considerations on the nature of the supernova progenitor star are also advanced.

Some general considerations on the EMBH formation are presented in section XXVI. The general conclusions are
presented in section XXIX.

We now proceed to a more detailed presentation of the results and we refer to the already published material for
the complete details.

III. THE ZEROTH ERA: THE PROCESS OF GRAVITATIONAL COLLAPSE AND THE FORMATION
OF THE DYADOSPHERE

We first recall the three theoretical results which lie at the basis of the EMBH theory.

In 1971 in the article “Introducing the Black Hole” (Ruffini & Wheeler [141]), the theorem was advanced that the
most general black hole is characterized uniquely by three independent parameters: the mass-energy M, the angular
momentum L and the charge @ making it an EMBH. Such an ansatz, which came to be known as the “uniqueness
theorem” has turned out to be one of the most difficult theorems to be proven in all of physics and mathematics.
The progress in the proof has been authoritatively summarized by Carter [24]. The situation can be considered
satisfactory from the point of view of the physical and astrophysical considerations. Nevertheless some fundamental
mathematical and physical issues concerning the most general perturbation analysis of an EMBH are still the topic
of active scientific discussion (Bini et al. [15]).

In 1971 it was shown that the energy extractable from an EMBH is governed by the mass-energy formula
(Christodoulou & Ruffini [30]),

2
QZ L2C2
B2y = M2 = (Muc T ) e 1)
P+ P3
with
1 2
()t
Pr \ €
where
L? G?
S =dmp? = dn(r? + ) = 167 ( ) M2, 3)

is the horizon surface area, M;, is the irreducible mass, 74 is the horizon radius and py is the quasi-spheroidal
cylindrical coordinate of the horizon evaluated at the equatorial plane. Extreme EMBHs satisfy the equality in Eq.(2).
Up to 50% of the mass-energy of an extreme EMBH can in principle be extracted by a special set of transformations:
the reversible transformations (Christodoulou & Ruffini [30]).

In 1975, generalizing some previous results of Zaumen [191], and Gibbons [67], Damour & Ruffini [33] showed that
the vacuum polarization process d la Heisenberg-Euler-Schwinger (Heisenberg & Euler [78], Schwinger [172]) created
by an electric field of strength larger than

m2c3
b= he @
can indeed occur in the field of a Kerr-Newmann EMBH. Here m, and e are respectively the mass and charge of
the electron. There Damour and Ruffini considered an axially symmetric EMBH, due to the presence of rotation,
and limited themselves to EMBH masses larger then the upper limit of a neutron star for astrophysical applications.
They purposely avoided all complications of black holes with mass smaller then the dual electron mass of the electron

2
GCTZ = %) which may lead to quantum evaporation processes (Hawking [76]). They pointed out that:

*
me =

1. The vacuum polarization process can occur for an EMBH mass larger than the maximum critical mass for
neutron stars all the way up to 7.2 x 105M.

2. The process of pair creation occurs on very short time scales, typically .-, and is an almost perfect reversible
process, in the sense defined by Christodoulou-Ruffini, leadlng to a very efﬁment mechanism of extracting energy
from an EMBH.

3. The energy generated by the energy extraction process of an EMBH was found to be of the order of 10°* erg,
released almost instantaneously. They concluded at the time “this work naturally leads to a most simple model
for the explanation of the recently discovered ~v-ray bursts”.
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After the discovery of the afterglow of GRBs and the determination of the cosmological distance of their sources
we noticed the coincidence between the theoretically predicted energetics and the observed ones in Damour & Ruffini
[33]: we returned to our theoretical results developing some new basic theoretical concepts (Preparata et al. [123,
124], Ruffini [137], Ruffini et al. [142, 143]), which have led to the EMBH theory.

As a first simplifying assumption we have developed our considerations in the absence of rotation with spherically
symmetric distributions. The space-time is then described by the Reissner-Nordstrom geometry, whose spherically
symmetric metric is given by

d%s = gy (1)d*t + g (r)d?r + r2d%0 + v sin” 0d% 6 (5)
where g (1) = — [1 — QCC;VJTVI + ?jg] = —a?(r) and g,,(r) = a7 2(r).

The first new result we obtained is that the pair creation process does not occur at the horizon of the EMBH: it
extends over the entire region outside the horizon in which the electric field exceeds the critical value given by Eq. 4.
Since the electric field in the Reissner-Nordstrom geometry has only a radial component given by (see Ruffini [136])

em=2, ()

this region extends from the horizon radius

ry = 1.47-10%u(1 4+ /1 —€2) cm (7

out to an outer radius (Ruffini [137])

() (F) 6 () () v :

where we have introduced the dimensionless mass and charge parameters p = %, &= ﬁ <1, see Fig. 4.

The second new result has been to realize that the local number density of electron and positron pairs created in
this region as a function of radius is given by

Ngto- (1) = m {1 - (TL)Z} : (9)

and consequently the total number of electron and positron pairs in this region is

ete™

o NQ_QC
€

G ‘h”)} , (10)

mc

where Q. = Scri.

The total number of pairs is larger by an enormous factor 7*/ (f/mc) > 10'® than the value Q/e which a naive
estimate of the discharge of the EMBH would have predicted. Due to this enormous amplification factor in the number
of pairs created, the region between the horizon and r* is dominated by an essentially high density neutral plasma of
electron-positron pairs. We have defined this region as the dyadosphere of the EMBH from the Greek duas, duadsos
for pairs. Consequently we have called r* the dyadosphere radius r* = rqs (Preparata et al. [123, 124], Ruffini [137]).
The vacuum polarization process occurs as if the entire dyadosphere are subdivided into a concentric set of shells of
capacitors each of thickness i/mec and each producing a number of eTe™ pairs on the order of ~ Q/e (see Fig. 4).
The energy density of the electron-positron pairs is given by

e(r) = 83:4 (1 - (%)4) : (11)

(see Figs. 2-3 of Preparata et al. [123]). The total energy of pairs converted from the static electric energy and
deposited within the dyadosphere is then

- 1Q2 T+ T+ 4
Eyya = 5: (1 — E) {1 — (E) } . (12)
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Figure 16: The energy extracted by the process of vacuum polarization is plotted (solid lines) as a function of the mass M in
solar mass units for selected values of the charge parameter £ = 1,0.1,0.01 (from top to bottom) for an EMBH, the case { =1
reachable only as a limiting process. For comparison we have also plotted the maximum energy extractable from an EMBH
(dotted lines) given by eq. (1). Details in Preparata et al. [125].

As we will see in the following this is one of the two fundamental parameters of the EMBH theory (see Fig. 17).

In the limit :—1* — 0, Eq.(12) leads to Eqya — %%, which coincides with the energy extractable from EMBHs by

reversible processes (Mj, = const.), namely Epy — Mi, = %?—j (Christodoulou & Ruffini [30]), see Fig. 16. Due to the

+

very large pair density given by Eq.(9) and to the sizes of the cross-sections for the process ete™ < v+, the system

is expected to thermalize to a plasma configuration for which
Net = Ne— ~ Ny ~ Nog—, (13)

where n°, _ is the total number density of eTe™-pairs created in the dyadosphere (see Preparata et al. [123, 124]).

The third new result which we have introduced for simplicity is that for a given Eg,, we have assumed either a
constant average energy density over the entire dyadosphere volume, or a more compact configuration with energy
density equal to the peak value. These are the two possible initial conditions for the evolution of the dyadosphere
(see Fig. 17).

These three old and three new theoretical results permit a good estimate of the general energetics processes origi-
nating in the dyadosphere, assuming an already formed EMBH. In reality, if the data become accurate enough, the full
dynamical description of the dyadosphere formation mentioned above will be needed in order to follow all the general
relativistic effects and characteristic time scales of the approach to the EMBH horizon (Cherubini et al. [28], Ruffini
& Vitagliano [156, 157], Ruffini et al. [159] see also section XXVI).

Below we shall concentrate on the dynamical evolution of the electron-positron plasma created in the dyadosphere.
We shall first examine in the next three sections the governing equations necessary to approach such a dynamical
description.
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Figure 17: Left) Selected lines corresponding to fixed values of the Egy, are given as a function of the two parameters p &,
only the solutions below the continuous heavy line are physically relevant.The configurations above the continuous heavy lines
correspond to unphysical solutions with rqs < r4+. Right) Two different approximations for the energy density profile inside
the dyadosphere. The first one (dashed line) fixes the energy density equal to its peak value, and computes an “effective”
dyadosphere radius accordingly. The second one (dotted line) fixes the dyadosphere radius to its correct value, and assumes an
uniform energy density over the dyadosphere volume. The total energy in the dyadosphere is of course the same in both cases.
The solid curve represents the real energy density profile.

IV. THE HYDRODYNAMICS AND THE RATE EQUATIONS FOR THE PLASMA OF c¢"e -PAIRS

The evolution of the eTe™-pair plasma generated in the dyadosphere has been treated in two papers (Ruffini et
al. [142, 143]). We recall here the basic governing equations in the most general case in which the plasma fluid is
composed of et e~ -pairs, photons and baryonic matter. The plasma is described by the stress-energy tensor

T = pg"” + (p+ p)U*U" , (14)

where p and p are respectively the total proper energy density and pressure in the comoving frame of the plasma fluid
and U* is its four-velocity, satisfying

gtt(Ut)2 + gr7‘(UT)2 = _1 9 (15)

where U" and U? are the radial and temporal contravariant components of the 4-velocity.
The conservation law for baryon number can be expressed in terms of the proper baryon number density np

(npU")y = 973 (93npU"),

1
= (npU)+ 5 (sl = 0. (16)
The radial component of the energy-momentum conservation law of the plasma fluid reduces to
dp 0 " 10 ,, - 1 0Gtt ;1riva . OGrr oo
a v r 5 A " r) — & a_ A " - . 1
o T g1 0+ PUV) + = (PP + p)UTUr) = S(p+p) 5= (U + —=(U7)?| =0 17

The component of the energy-momentum conservation law of the plasma fluid equation along a flow line is

U“(T‘“’)W = *(PUV);V*I)(UV);W
= —g 3 (g% pU"), —pg 2 (g3U"),
1
= (U1 + 5 (%pU")
t 1 277r
+ p|(U )’t+r_2(r UM, =0. (18)

Defining the total proper internal energy density € and the baryonic mass density pp in the comoving frame of the
plasma fluid,

e=p—pp, pp=npmc, (19)

251



29

and using the law (16) of baryon-number conservation, from Eq. (18) we have
(eU")w +p(U") =0. (20)

Recalling that % = V(U"),., where V is the comoving volume and 7 is the proper time for the plasma fluid, we have
along each flow line
AV | AV _ B dv _
dr P dr — dr P dr
where E = Ve is the total proper internal energy of the plasma fluid. We express the equation of state by introducing
a thermal index I'(p, T')

0, (21)

r=1+2. (22)
€

We now turn to the second set of governing equations describing the evolution of the ete™ pairs. Letting n.-
and n.+ be the proper number densities of electrons and positrons associated with pairs and ng, the proper number
densities of ionized electrons, we clearly have

b _
Ne— = Net+ = Npair, Ne— = ZnB, (23)

where 7pair is the number of eTe™ pairs and Z the average atomic number % < Z <1 (Z =1 for hydrogen atom and

7 = % for general baryonic matter). The rate equation for electrons and positrons gives,

(ne+U“’)m = (ne+Ut),t + ri?(rzneJrUT),r
= o0[(ne- (T) +n-(T))ne+ (T)

— (e~ +nl-)ner], (24)
(ne-U")p = (ne-U" 4 + TLQ(TQnFUT)}T

= 50 [0 (T)ne+ (T) = ne-n,+]. (25)
(WU} = (U4t 5 (0l U7,

= 0 [nb_ (T)ne+ (T) —nb-ne+], (26)

where 0 is the mean of the product of the annihilation cross-section and the thermal velocity of the electrons
and positrons, n.+(T) are the proper number densities of electrons and positrons associated with the pairs, given
by appropriate Fermi integrals with zero chemical potential, and nZ,(T) is the proper number density of ionized
electrons, given by appropriate Fermi integrals with non-zero chemical potential . at an appropriate equilibrium
temperature 7T'. These rate equations can be reduced to

1
(nexU"),y = (ne=U") ¢ + T—2(T2neiUr)ﬁ

= 50[ne- (T)ne+ (T) — ne-ne+ ], (27)

(U = (U)o 5 (P U) =0, (28)
Net ’flb_

Frac = ne:(T) = ;bST) (29)

e

Equation (28) is just the baryon-number conservation law (16) and (29) is a relationship satisfied by n.«,n.+ (T) and
b b

n’_,n’_ (T).
cThecequﬂibriurn temperature 7' is determined by the thermalization processes occurring in the expanding plasma

fluid with a total proper energy density p governed by the hydrodynamical equations (16,17,18). We have
p=py+ et + pe- + P2 + pB, (30)

where p, is the photon energy density, pp ~ mpc?np is the baryonic mass density which is considered to be non-
relativistic in the range of temperature 7" under consideration, and p.+ is the proper energy density of electrons and
positrons pairs given by

Nt

Pet = nei—(T)pei (1), (31)
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where n.+ is obtained by integration of Eq.(27) and p.+(T) is the proper energy density of electrons(positrons)
obtained from zero chemical potential Fermi integrals at the equilibrium temperature 7. On the other hand pz, is
the energy density of the ionized electrons coming from the ionization of baryonic matter

TLb,
ph- = @p& (1), (32)

where n is obtained by integration of Eq.(28) and p.- (T) is the proper energy density of ionized electrons obtained
from an approprlate Fermi integral of non-zero chemical potential p. at the equilibrium temperature 7.

Having intrinsically defined the equilibrium temperature T in Eq.(30), we can also analogously evaluate the total
pressure

=Dy + Pet +De- + D0 + DB, (33)

where p., is the photon pressure, p.+ and pZ, are given by

Pet = ne:(T)pei(T)z (34)
O i (35)

the pressures p.+ (T) are determined by zero chemical potential Fermi integrals, and pg, (T') is the pressure of the
ionized electrons, evaluated by an appropriate Fermi integral of non-zero chemical potential p. at the equilibrium
temperature T. In Eq.(33), the ion pressure pp is negligible by comparison with the pressures p. .+ .- (7'), since
baryons and ions are expected to be nonrelativistic in the range of temperature 7" under consideration. Finally using
Eqgs.(30,33) we compute the thermal factor I' of the equation of state (22).

It is clear that the entire set of equations considered above, namely Eqs.(16,17,18) with equation of state given by
Eq.(22) and the rate equation (27), have to be integrated satisfying the total energy conservation for the system. The
boundary conditions adopted here are simply purely ingoing conditions at the horizon and purely outgoing conditions
at radial infinity. The calculation is initiated by depositing a proper energy density (11) between the Reissner-
Nordstrém horizon radius r4 and the dyadosphere radius rgs, following the approximation presented in Fig.16 The
total energy deposited is given by Eq.(12).

V. THE EQUATIONS LEADING TO THE RELATIVE SPACE-TIME TRANSFORMATIONS

In order to relate the above hydrodynamic and pair equations with the observations we need the governing equations
relating the comoving time to the laboratory time corresponding to an inertial reference frame in which the EMBH
is at rest and finally to the time measured at the detector, which must also include the effect of the cosmological
expansion. These transformations have been the object of the Relative space-time Transformations (RSTT) Paradigm,
(Ruffini et al. [144]).

For signals emitted by a pulse moving with velocity v in the laboratory frame (see also Ruffini et al. [144]), we have
the following relation between the interval of arrival time At, and the corresponding interval of laboratory time At
(see Fig. 18):

c’

Aty = (to +arg B 7') (t() + R_) At-= (36)

For simplicity in what follows we indicate by ¢, the interval of arrival time measured from the reception of a light
signal emitted at the onset of the gravitational collapse. Analogously, ¢ indicates the laboratory time interval measured
from the time of the gravitational collapse. In this case, Eq.(36) can be written simply as:

(37)

r f ()dt/+7'ds t/ ’ 7‘5
to=t—c=f— 0~ T AALP AN (t/ Lay — Tas

C C

where, as usual, v (t‘) = 1/4/1 — v2 (¢') /¢? and the dyadosphere radius 745 is the value of r at ¢ = 0. It is important
to stress that, although there is the presence of the Lorentz gamma factor, Eq.(37) is not a Lorentz transformation,
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Figure 18: This qualitative diagram illustrates the relation between the laboratory time interval At and the arrival time interval
At, for a pulse moving with velocity v in the laboratory time (solid line). We have indicated here the case where the motion
of the source has a nonzero acceleration. The arrival time is measured using light signals emitted by the pulse (dotted lines).
Ry is the distance of the observer from the EMBH, ¢ is the laboratory time corresponding to the onset of the gravitational
collapse, and r is the radius of the expanding pulse at a time t = to + At. See also Ruffini et al. [144].

which by its own nature is linear and refers to a specific value of the Lorentz gamma factor at a given laboratory
time. The transformation in Eq.(37) is nonlinear in the Lorentz gamma factor and do depend on all the values of
the gamma factor of the source from the time ¢ = 0 to the laboratory time t. This transformation is the price to
pay to relate the laboratory time ¢, relativistically correct, to the “highly pathological” time usually considered by
the astronomers, even in the case of object moving close to the speed of light, against the correct synchronization
procedures established by Einstein in his classical paper of 1905 (Einstein [47]). We consider here only the photons
emitted along the line of sight from the external surface of the pulse. The arrival time spreading due to the angular
dependence and that due to the thickness has also been given (see section XXI and Ruffini et al. [148, 151]). The
solution of Eq.(37) has the expansion:

Tds U (O)t 1/ (0) 2 lvn (O)t:s _

c c 2 ¢ 3 ¢ o (38)

so the relation between ¢, and t in the specific case of GRBs is very highly nonlinear: it is sufficient to recall that in
the early GRB phases we are witnessing the strongest acceleration ever recorded in the universe, since the PEM pulse
goes from Lorentz factor v = 1 to Lorentz factor v = 1000 in 102 seconds in the laboratory time (see section VII). The
series in Eq.(38) will definitely converge, but the number of terms needed to reach a good approximation will strongly
depend on the variability of the functions around the initial values v = 1. It is clear that the precise knowledge of ¢,
as a function of the laboratory time, which is indeed essential for any physical interpretation of GRB data, depends
on the definite integral given in Eq.(37) whose limits in the laboratory time extend from the onset of the gravitational
collapse to the time ¢ relevant for the observations. Such an integral depends on all previous values of the Lorentz
gamma factor in the history of the source and is not generally expressible by a simple linear relation or even by any
explicit analytic relation since we are dealing with processes with variable gamma factor unprecedented in the entire
realm of physics (see Figs. 8 and Fig. 9). This is the crucial point of the RSTT paradigm (Ruffini et al. [144]) and this
is the reason why we have spent a very large amount of work to develop the exact equations of motion of all different
eras of the GRB phenomenon, starting from the onset of gravitational collapse and the creation of dyadosphere (see
the following sections). It is clear then that, in order to express the arrival time ¢, and the radial coordinate of
the source at the start of the afterglow phase, we need the explicit knowledge of all the previous eras of the GRB
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phenomenon, starting from v = 1 (Ruffini et al. [144]).
What has been currently done in the literature, is an extremely different approach. First they have assumed v
constant. Therefore Eq.(37) has been modified in:

2 _1 t R 2 _ 1
taztfll——i/dﬂfﬁL:tfil——%, (39)
Y 0 c

5

where in the last approximation the contribution of the initial size of the source has been neglected. Even the validity
of this last approximation has to be actually carefully verified since it is only valid in the late phases of the GRB
expansion. They have further assumed v > 1 and obtained:

1 t
tamt— (11— )t=—". 40
( 2v2> 272 (40)

At this stage, they emphasize the existence of a linear relation between the arrival time ¢, and the laboratory time
t. After this they proceed in two different directions. One to assume (see e.g. Fenimore et al. [48], Fenimore
[49], Fenimore et al. [50], Sari & Piran [165], Waxman [186])

ta =1/ (297 (1)) , (41)

concurrently advancing the belief that the relation between the arrival time and the laboratory time does not depend
from an integral on all the previous values of the gamma Lorentz factor of the source but from the instantaneous
value of the gamma Lorentz factor at the time ¢, much like in a Lorentz transformation. This claim is clearly absurd
from a physical point of view.

They further assume (see e.g. Panaitescu & Mészéros [113], Piran [116], Sari [163, 164] and references therein)

5ta = 6t/ (2942 () or,alternatively, dt, = dt/ (27> (?)) , (42)

and they proceed to develop all the observable quantities of the GRB phenomenon by integrating using the “differ-
ential” given in Eq.(42), reaching clearly meaningless results. As we show later, this also leads to the unfortunate
attempt to obtain the gamma Lorentz factor and its time variability from the astrophysical data of the afterglow,
neglecting all previous GRB source history what is clearly physically and astrophysically impossible.

Having established the correct relations between the laboratory time ¢ and the arrival time ¢, in Eq.(37), we now
proceed to relate the time in the laboratory frame ¢ to the time in the detector frame t?. We have to do one additional
step: the two frames are related by a transformation which is a function of the cosmological expansion. We recall
that the geometry of the space-time of the universe is described by the Robertson-Walker metric:

dr?
1— kr?

ds® = dt? — R2(t) < + r2di* + 7’251’m92dcpz> , (43)
where R (t) is the cosmic scale factor and k is a constant related to the curvature of the three-dimensional space
(k = 0,+1,—1 corresponds to flat, close and open space respectively). The wavelength of an electromagnetic wave
traveling from the point P (¢1, 71,91, 1) to the point Ps(to, 7o, Yo, po) where the observer is located is related to the
red-shift parameter z by

XA

z
A

(44)
where A, is the wavelength of the radiation for the observer and A\; for the emitter. We have the following general
relation:

14+z2=042z) 1+ 2z0)(1 + 25), (45)

where z is the total redshift due to the motion of the source zs, the motion of the observer z, and the cosmological
redshift z,. In the following we will assume z, << 1 and z; << 1 80 z = z,. In terms of the scale factor R (t) the
relation (44) gives

/\o R (t,,) w1

20— =14+z=—">— 46
/\1 R(tl) wo ( )

where w; and wy are the frequencies associated to A\; and \g respectively. This frequency ratio then relates the time
elapsing at the source with the time elapsing at the detector due to the cosmological expansion.
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We can now define the corrected arrival time t¢ measured at the detector, which is related to ¢, clearly defined by
Eq.(37), by

td=t,(1+2), (47)

where z is the cosmological redshift of the GRB source. In the case of GRB 991216 we have z ~ 1.00.

The observed flux is the flux which crosses the surface 47 (R (t,) 7)? but this flux is lower by a factor 1+ z due to
the redshift energy of the photons and by another factor 1+ z due to the fact that the number of photons at reception
is less than the number at emission. Thus we can define a luminosity distance by:

d2 =RA2(1+ 2)% (48)
Then the observed flux is related to the absolute luminosity of the GRB by the following relation:

L
=, (49)
drd?
where the luminosity distance dy, is simply related to the proper distance d, = Ror by dr, = dp(1 + z). The observed
total fluence f is related to the total energy E of the GRB by the following relation:

E(1+2)

f= (50)
4ﬂd%
Then the cosmological effect is taken into account by the definition of the proper distance R,r which depends

on the cosmological parameters: the Hubble constant H, = R (t.) /R (to) at time t, and the matter density p, or
2
Qv = po/pcrit? where Perit = %
The computation of the proper distance is then simply given by the relation :

c Z dz
b1 | 7 (5D

where F(z) = 1/Qa(1+ 2)3.

In the case of the Friedman flat universe, Q); = 1 and we have:

o) =1 1= =] (52)

So the measurement of the redshift gives us the luminosity distance via a cosmological scenario. With the measure-
ment of the flux we can deduce the proper luminosity of the burst and from the measurement of the total fluence the
total energy so we are then able to find the Egyq.

VI. THE NUMERICAL INTEGRATION OF THE HYDRODYNAMICS AND THE RATE EQUATIONS
A. The Livermore code
A computer code (Wilson et al. [188, 189]) has been used to evolve the spherically symmetric general relativistic

hydrodynamic equations starting from the dyadosphere (Ruffini et al. [142]).
We define the generalized gamma factor vy and the radial 3-velocity in the laboratory frame V"

= IFUT,, V= % (53)

From Egs.(5, 15), we then have

1 1
U2 = ——(1+ g (U")?) = =2 54
(U1 = =1+ 90 (U7) = 57 6
Following Eq.(19), we also define
E=ey, D=ppy, and p=py (55)
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so that the conservation law of baryon number (16) can then be written as

oD a 0 r?

Eq.(18) then takes the form,
oF a o r? oy o d rr
- rara ) TP e V) &7

Defining the radial momentum density in the laboratory frame
S, = alp+ p)UU, = (D +TE)U,, (58)

we can express the radial component of the energy-momentum conservation law given in Eq.(17) by

28, a0 17 , Op

o - raaV) ey,
o« OGtt 1 rtv2 | OGrr o
0k o) | 4 2 o)

a 9 r? - Op

= Tgla V) g,

M Q? D+TFE v\2  (UT)?
-a(i-5) ()G G ©
In order to determine the number-density of ete™ pairs, we turn to Eq.(27). Defining the e™e-pair density in the
laboratory frame N+ = yn.+ and N« (T) = yn.+(T), where the equilibrium temperature T" has been obtained from
Egs.(30) and (31), and using Eq.(54), we rewrite the rate equation given by Eq.(27) in the form
ON, .+ a 0 r?

B = e (SN V) £ TN (T) = N2 (60)

These equations are integrated starting from the dyadosphere distributions given in Fig. 17 and assuming as usual
ingoing boundary conditions on the horizon of the EMBH.

B. The Rome code

In the following we recall a zeroth order approximation of the fully relativistic equations of the previous section
(Ruffini et al. [142]):
(i) Since we are mainly interested in the expansion of the ete™ plasma away from the EMBH, we neglect the
gravitational interaction.
(ii) We describe the expanding plasma by a special relativistic set of equations.
(iii) In contrast with the previous treatment where the evolution of the density profiles given in Fig. 17 are followed
in their temporal evolution leading to a pulse-like structure, selected geometries of the pulse are a priori adopted and
the correct one validated by the complete integration of the equations given by the Livermore codes.

Analogously to Eq.(21), from Eq.(16) we have along each flow line in the general case in which baryonic matter is
present

d(TLBV)

=0 (61)

For the expansion of a shell from its initial volume AV, to the volume AV, we obtain

ny AV AVy(r)

B _ = -7V 62
ng  AVe  AVov(r)’ (62)

where AV is the volume of the shell in the laboratory frame, related to the proper volume AV in the comoving frame
by AV = ~v(r)AV, where v(r) defined in Eq.(53) is the gamma factor of the shell at the radius r.
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Similarly from Eq.(21), using the equation of state (22), along the flow lines we obtain
dlne+TdlnV = 0. (63)

Correspondingly we obtain for the internal energy density € along the flow lines

r r r
C_ (AVY_(AVA (50 (64)
€ AV, AV, Yo ()

where the thermal index I" given by (22) is a slowly-varying function with values around 4/3. It can be computed for

each value of €,p as a function of AV.

The overall energy conservation requires that the change of the internal proper energy of a shell is compensated by
a change in its bulk kinetic energy. We then have (Ruffini et al. [142])

dK = [y(r) — 1](dE + ppdV). (65)

In order to model the relativistic expansion of the plasma fluid, we assume that E and D as defined by Eq.(55) are
constant in space over the volume AV. As a consequence the total energy conservation for the shell implies (Ruffini
et al. [142])

(€0 + PB)V2 () AV = (e + pp)7*(r)AV, (66)
which leads the solution

(¢o + p5)AV,

(4 po)Ay (67)

V() =70(r)

Corresponding to Eq.(60) we obtain the equation for the evolution of the e* number-density as seen by an observer
in the laboratory frame
1 0AVY 1

9 _ L oAV 2 A2
a(Nci)_ NBiAV ot +UU72(T)(Nei(T) Nei)' (68)

Eqs.(62), (64), (67) and (68) are a complete set of equations describing the relativistic expansion of the shell. If
we now turn from a single shell to a finite distribution of shells, we can introduce the average values of the proper
internal-energy, baryon-mass, baryon-number and pair-number densities (¢, pp,7p,f.x) and £ = 7€, D = 9pp,
N,+ = 7(r)A.+ for the PEM-pulse, where the average ¥-factor is defined by

1

7= [, (69)

and V is the total volume of the shell in the laboratory frame. The corresponding equations are given in Ruffini et
al. [142]. Having defined all its governing equations we can now return to the description of the different eras of the
GRB phenomena.

VII. THE ERA I: THE PEM PULSE

We have assumed that, following the gravitational collapse process, a region of very low baryonic contamination
exists in the dyadosphere all the way to the remnant of the progenitor star.

Recalling Eq.(9) the limit on such baryonic contamination, where pp,_ is the mass-energy density of baryons, is
given by

. 2 L\ 2
pB. K MyNgre-(r) =3.2-10° (%) [1 = (;—ds) } (g/em?). (70)

Near the horizon r ~ r, this gives

PB, € MpNete (1) = 1.86 - 101 (%) (g/em?®), (71)
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and near the radius of the dyadosphere r4s:

0B, K MpNete— () = 3.2-108

- ()} (g/cm®) (72)

Tds
T—Tds

Such conditions can be easily satisfied in the collapse to an EMBH, but not necessarily in a collapse to a neutron star.

Consequently we have solved the equations governing a plasma composed solely of eTe™-pairs and electromagnetic
radiation, starting at time zero from the dyadosphere configurations corresponding to constant density in Fig. 17.
The Livermore code (Ruffini et al. [142]) has shown very clearly the self organization of the expanding plasma in
a very sharp pulse which we have defined as the pair-electromagnetic pulse (PEM pulse), in analogy with the EM
pulse observed in nuclear explosions. In order to further examine the structure of the PEM pulse with the simpler
procedures of the Rome codes we have assumed (Ruffini et al. [142]) three alternative patterns of expansion of the
PEM pulse on which to try the simplified special relativistic treatment and then compared the results with the fully
general relativistic hydrodynamical results:

e Spherical model: we assume the radial component of the four-velocity U,(r) = Uz, where U is the radial
component of the four-velocity at the moving outer surface » = R(t) of the PEM pulse and the ¥-factor and the

velocity V. are

_ 3 2\ 3 2\ 1
5 = ﬁ[2U(1+U)2—U(1+U)z

- WU+ VI+0?)], V= % ; (73)

this distribution expands keeping an uniform density profile which decreases with time similar to a portion of a
Friedmann Universe.

e Slab 1: we assume U(r) = U, = const., the constant width of the expanding slab D = R, in the laboratory
frame of the PEM pulse, while 4 and V,. are

y=\1+02, V,= L (74)

this distribution does not need any averaging process.

e Slab 2: we assume a constant width Ry — R; = R, of the expanding slab in the comoving frame of the PEM
pulse, while 4 and V,. are

5 = VIt UZ(), vr:%, (75)

This distribution needs an averaging procedure and R; < 7 < Rg, i.e. 7 is an intermediate radius in the slab.

These different assumptions lead to three different distinct slopes for the monotonically increasing 4-factor as a
function of the radius (or time) in the laboratory frame, having assumed for the energy of dyadosphere Egy,, = 3.1x 1054
erg (see Fig. 19). In principle, we could have an infinite number of models by defining arbitrarily the geometry of
the expanding fluid in the special relativistic treatment given above. To find out which expanding pattern of PEM
pulses is the physically realistic one, we need to compare and contrast the results of our simplified models (performed
in Rome) with the numerical results based on the hydrodynamic Egs.(56,57,59) (obtained at Livermore) (Ruffini et
al. [142]). Details of the iterative method used to solve the special relativistic equation can be found in Ruffini et al.
[142].

It is manifest from the results (see Fig. 19) that the slab 1 approximation (constant thickness in the laboratory
frame) is in excellent agreement with the Livermore results (open squares).

The remarkable validation of the special relativistic treatment of the PEM pulse (Ruffini et al. [142]), allows us to
easily estimate the related quantities of physical and astrophysical interest in the model, like the e™e~-pair densities
as a function of the laboratory time, the temperature of the plasma in the comoving and laboratory frames, the
reheating ratio as a function of the e™e™-pair annihilation for a variety of initial conditions (Ruffini et al. [142]).
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Figure 19: gamma factor as a function of radius. Three models for the expansion pattern of the PEM-pulse are compared with
the results of the one dimensional hydrodynamic code for an energy of dyadosphere Egyq = 3.1 x 10°* erg. The 1-D code has
an expansion pattern that strongly resembles that of a shell with constant thickness in the laboratory frame.

VIII. THE ERA II: THE INTERACTION OF THE PEM PULSE WITH THE REMNANT OF THE
PROGENITOR STAR

The PEM pulse expands initially in a region of very low baryonic contamination created by the process of gravita-
tional collapse. As it moves further out the baryonic remnant (see Fig. 1) of the progenitor star is encountered. As
discussed in section XX VI below, the existence of such a remnant is necessary in order to guarantee the overall charge
neutrality of the system: the collapsing core has the opposite charge of the remnant and the system as a whole is
clearly neutral. The number of extra charges in the baryonic remnant negligibly affects the overall charge neutrality
of the PEM pulse (Ruffini [139], Ruffini et al. [159]).

The baryonic matter remnant is assumed to be distributed well outside the dyadosphere in a shell of thickness A
between an inner radius rj, and an outer radius oyt = 7in + A at a distance from the EMBH at which the original
PEM pulse expanding in vacuum has not yet reached transparency. For the sake of an example we choose

Tin — 1007’ds, A= 10Tds~ (76)

The total baryonic mass Mp = Npm,, is assumed to be a fraction of the dyadosphere initial total energy (Eqya). The
total baryon-number Np is then expressed as a function of the dimensionless parameter B given by

2
_ Npmyc

B 7
Edya

(77)

where B is a parameter in the range 1078 — 1072 and m,, is the proton mass. We shall see below the paramount
importance of B in the determination of the features of the GRBs. We will see in section X the sense in which B and
Egya can be considered to be the only two free parameters of the EMBH theory for the entire GRB family, the so
called “long bursts”. We shall see in section XII that for the so called “short bursts” the EMBH theory depends on
the two other parameters i, £, since in that case B = 0. The baryon number density nf is assumed to be a constant

) ﬁOB = mP’FLOBC2' (78)
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As the PEM pulse reaches the region ry, < r < 7oy, it interacts with the baryonic matter which is assumed to be
at rest. In our simplified quasi-analytic model we make the following assumptions to describe this interaction:

e the PEM pulse does not change its geometry during the interaction;
e the collision between the PEM pulse and the baryonic matter is assumed to be inelastic,

e the baryonic matter reaches thermal equilibrium with the photons and pairs of the PEM pulse.

These assumptions are valid if: (i) the total energy of the PEM pulse is much larger than the total mass-energy of
baryonic matter Mp, 1078 < B < 1072, (ii) the ratio of the comoving number density of pairs and baryons at the
moment of collision ng+.- /n% is very high (e.g., 106 < ng+.-/n% < 1012) and (iii) the PEM pulse has a large value
of the gamma factor (100 < 7).

In the collision between the PEM pulse and the baryonic matter at roy > 7 > 11, , we impose total conservation
of energy and momentum. We consider the collision process between two radii ro, 1 satisfying rouy > 72 > 11 > i
and r2 —r; < A. The amount of baryonic mass acquired by the PEM pulse is

Mp 4w

AM = V_B?(rg - ), (79)

where Mp/Vg is the mean-density of baryonic matter at rest. The conservation of total energy leads to the estimate
of the corresponding quantities before (with “o”) and after such a collision

AM
(T& + p3)72Vo + AM = (Te+ pp + ~ TAEF?V, (80)

where A€ is the corresponding increase of internal energy due to the collision. Similarly the momentum-conservation
gives

AM
(Déo + p3)7aUs Vo = (T€ + p + == + TASIU,V, (81)

where the radial component of the four-velocity of the PEM pulse is U2 = /72 — 1 and I is the thermal index. We
then find

_ 1 oYUV, L AM
A = = |(Te + po) e (1 241 2
e = 3 [ie s ) R — ek pn + S (52)
_ a Yo AM
= —, =+t = 83
7 a2 -1 “ U2 (& + p%)7ULVs (83)

These equations determine the gamma factor 4 and the internal energy density € = €, + A€ in the capture process of
baryonic matter by the PEM pulse.

The effect of the collision of the PEM pulse with the remnant leads to the following results (Ruffini et al. [143]) as
a function of the B parameter defined in Eq.(77):
1) an abrupt decrease of the gamma factor given by

1+B
Yeoll = Yo s (84)
V72 (2B + B2?)+1
where 7, is the gamma factor of the PEM pulse prior to the collision and B is given by Eq.(77),
2) an increase of the internal energy in the comoving frame E.,; developed in the collision given by
Eeo 2 (2B+ B?)+1 1
Fua_PTEITEIE (1) -
Edya Yo Yo

3) a corresponding reheating of the plasma in the comoving frame but not in the laboratory frame, an increase of the
number of eTe™ pairs and correspondingly an overall increase of the opacity of the pulse. See details in section XI.
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IX. THE ERA IIl: THE PEMB PULSE

After the engulfment of the baryonic matter of the remnant the plasma formed of eTe™-pairs, electromagnetic
radiation and baryonic matter expands again as a sharp pulse, namely the PEMB pulse. The calculation is continued
as the plasma fluid expands, cools and the eTe™ pairs recombine until it becomes optically thin:

/Rdr(nei + Zng)or ~ O(1), (86)

where o7 = 0.665 - 10~24cm? is the Thomson cross-section and the integration is over the radial interval of the PEMB
pulse in the comoving frame. We have first explored the general problem of the PEMB pulse evolution by integrating
the general relativistic hydrodynamical equations with the Livermore codes, for a total energy in the dyadosphere of
3.1 x 10°* erg and a baryonic shell of thickness A = 10745 at rest at a radius of 100rqs and B ~ 1.3 - 1074,

In total analogy with the special relativistic treatment for the PEM pulse, presented in section VII (see also Ruffini
et al. [142]), we obtain for the adiabatic expansion of the PEMB pulse in the constant-slab approximation described
by the Rome codes the following hydrodynamical equations with pg # 0

nYy V. Vy

(87)

np 7o N Vo;)’o7

() - @)
e \%) \W Y/
_ | (Teé+pp)Ve
1T\ et pp)y (89)
0 10V 1
E(Ne:t) = —Neiga +ﬁ¥(N€2i(T)—Ne2i) (90)

In these equations (r > rout) the comoving baryonic mass- and number densities are pg = Mp/V and ng = Ng/V,
where V' is the comoving volume of the PEMB pulse.

We compare and contrast (see Fig. 5) the bulk gamma factor as computed from the Rome and Livermore codes,
where excellent agreement has been found. This validates the constant-thickness approximation in the case of the
PEMB pulse as well. On this basis we easily estimate a variety of physical quantities for an entire range of values of
B.

For the same EMBH we have considered five different cases: a shell of baryonic mass with (1) B ~ 1.3 - 107%; (2)
B~38-107% (3) B~13-107% (4) B~3.8-107% (5) B ~ 1.3-1072). The results of the integration given in
detail in Ruffini et al. [143] show that for the first parameter range the PEMB pulse propagates as a sharp pulse of
constant thickness in the laboratory frame, but already for B ~ 1.3- 1072 the expansion of the PEMB pulse becomes
much more complex and the constant-thickness approximation ceases to be valid; see Ruffini et al. [143] for details.

It is particularly interesting to evaluate the final value of the gamma factor of the PEMB pulse when the transparency
condition given by Eq.(86) is reached as a function of B, see Fig. 20. For a given EMBH, there is a mazimum value of
the gamma factor at transparency. By further increasing the value of B the entire Fgy, is transferred into the kinetic
energy of the baryons; see also section XII. Details are given in Ruffini et al. [143].

In Fig. 20 we plot the gamma factor of the PEMB pulse versus the radius for different amounts of baryonic matter.
The diagram extends to values of the radial coordinate at which the transparency condition given by Eq.(86) is
reached. The “asymptotic” gamma factor

_ _ Edya
’Yasym = ]V[BC2

(91)

is also shown for each curve. The closer the gamma value approaches the “asymptotic” value (91) at transparency,
the smaller the intensity of the radiation emitted in the burst and the larger the amount of kinetic energy left in the
baryonic matter.

X. THE IDENTIFICATION OF THE FREE PARAMETERS OF THE EMBH THEORY

Within the approximation presented in section III the EMBH is characterized by two parameters: g and . The
energy of the dyadosphere is expressed in terms of these two parameters by Eq.(12).
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Figure 20: Left) The gamma factor (the solid line) at the transparent point is plotted as a function of the B parameter. The
asymptotic value (the dashed line) Eqya/(Mpc?) is also plotted. Right) The gamma factors are given as functions of the radius
in units of the dyadosphere radius for selected values of B for the typical case Eaqyq = 3.1 x 10°* erg. The asymptotic values
Yasym = Eaya/(Mpc?) = 10*,10%,10? are also plotted. The collision of the PEM pulse with the baryonic remnant occurs at
r/rq¢s = 100 where the jump occurs and the PEMB pulse starts.

There is an entire family of EMBH solutions with different values of 1 and £ corresponding to the same value of Egy,
(see Fig. 17). These solutions are physically different with respect to the density of electron-positron pair distributions
given by Eq.(9), as well as to their energy density given by Eq.(11). A clear example of such a degeneracy is given
in Fig. 21 where the two limiting energy density profiles approximating the dyadosphere as introduced in Fig. 17 are
given for three different EMBH configurations corresponding to the same value of E4y, = 3.1 x 10° erg. The three
configurations correspond respectively to the three different pairs (u, £): (10,0.76), (1027 0.27), (103, 0.10).

The corresponding dynamical evolution of the PEM pulse introduced in section VII and Ruffini et al. [142] is
clearly different in the three cases. It is remarkable that when the collision with the remnant of the progenitor star is
considered all these differences disappear. As usual (see section VIII) we describe the baryonic content of the remnant
by the parameter B. The PEMB pulse generated after the collision with the baryonic matter depends uniquely on
the two parameters Fg,, and B. In Fig. 22 the temperature in the laboratory frame is given for the PEM pulse and
the PEMB pulse corresponding to the three configurations of Fig.21 and B = 4 x 1073, It is clear that while for
the PEM pulse era the three configurations are markedly different, they do converge to a common behaviour in the
PEMB pulse era.

If we turn now to the effect of the distance between the EMBH and the baryonic remnant, we see that this
degeneracy is further extended: while the three PEM pulse eras are quite different, the common PEMB pulse era is
largely insensitive to the location of the baryonic remnant, see Fig. 23. We have plotted the three gamma factors
in the PEM pulse era corresponding to the different configurations of Fig. 21 and B = 1072, in the two cases the
baryonic remnant is positioned at different distances from the EMBH.

If the PEM pulse has reached extreme relativistic regimes, the common value 7.,;; to which the three gamma factors
drop in the collision with the baryonic matter of the remnant can be simply expressed by the large gamma limit of
Eq.(84)

B+l
VYeoll = Bz+2B7

while the internal energy FE..; developed in that collision is simply given by the corresponding limit of Eq.(85)

Bt _ _po\/B212B. (93)

Edya

(92)

This approximation applies when the final gamma factor at the end of the PEM pulse era is larger than .., upper
panel in Fig. 23.
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Figure 21: Three different dyadospheres corresponding to the same value of Egyq = 3.1 X 1
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the two parameters p and & are given. The three different configurations are markedly different in their spatial extent as well
as in their energy-density distribution.
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Figure 22: The temperature of the plasma during the PEM pulse and PEMB pulse eras, measured in the laboratory frame,
corresponding to the three configurations presented in Fig. 21 is given as a function of the laboratory time. The three different
curves converge to a common one in the PEMB pulse era, which is therefore only a function of the Eqy, and B. The difference
among the three curves in the early part of the PEMB pulse follows from having located the baryonic matter at a distance of
50(ras — r+), which is different in the three cases. Such difference become negligible at large distances in the later phases of
the evolution.
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Figure 23: The gamma factors for the three configurations considered in Fig. 21 are given as a function of the radial coordinate
in the laboratory frame. The two figures correspond to a baryonic remnant positioned respectively at 7i, = 50(ras — 74+) (left)

and at 7in = 5(ras — r4) (right). Again the convergence to a common behaviour, uniquely a function of E4y, and B for the
late stages of the PEMB pulse, is manifest.

Turning from these general considerations to the GRB data, this degeneracy in the PEMB pulse eras and their
dependence on only two parameters F4y, and B has far reaching astrophysical implications for the identification of the
source of GRBs. As we will see in the conclusions all the information obtainable from GRBs with a large value of the
parameter B will lead to the determination of the above two parameters. An entire family of degenerate astrophysical
solutions in the range of charges and masses given in Fig. 17 are possible. The direct knowledge of the mass and
charge of the EMBH can only be gained from the PEM pulse or from GRBs with very small values of B — the so
called “short bursts”, see section XII and the conclusions.
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XI. THE APPROACH TO TRANSPARENCY: THE THERMODYNAMICAL QUANTITIES

As the condition of transparency expressed by Eq.(86) is reached the injector phase terminates. The electromagnetic
energy of the PEMB pulse is released in the form of free-streaming photons — the proper GRB. The remaining energy
of the PEMB pulse is released as an accelerated-baryonic-matter (ABM) pulse.

‘We now proceed to the analysis of the approach to the transparency condition. It is then necessary to turn from
the pure dynamical description of the PEMB pulse described in the previous sections to the relevant thermody-
namic parameters. Also such a description at the time of transparency needs the knowledge of the thermodynamical
parameters in all previous eras of the GRB.

As above we shall consider as a typical case an EMBH of Egy, = 3.1 x 105 erg and B = 1072, The considerations
will refer to a dyadosphere configuration described by the two limiting approximations shown in Fig. 17.

One of the key thermodynamical parameters is represented by the temperature of the PEM and PEMB pulses. It is
given as a function of the radius both in the comoving and in the laboratory frames in Fig. 24. Before the collision the
PEM pulse expands keeping its temperature in the laboratory frame constant while its temperature in the comoving
frame falls (see Ruffini et al. [142]). In fact Eqs.(66,67) are equivalent to

d(ey*V)
T 0, (94)
where the baryon mass-density is pp = 0 and the thermal energy-density of photons and ete~-pairs is € = opT*(1 +
fete-), op is the Boltzmann constant and f,+.- is the Fermi-integral for e™ and e~. This leads to

e'y2V = FEqya, T4'y2V = const. (95)

Since e and e~ in the PEM pulse are extremely relativistic, we have the equation of state p ~ ¢/3 and the thermal
index (22) T" ~ 4/3 in the evolution of PEM pulse. Eq.(95) is thus equivalent to

T35V ~ const. (96)

These two equations (94) and (96) result in the constancy of the laboratory temperature 77 in the evolution of the
PEM pulse.
It is interesting to note that Eqs.(95) and (96) hold as well in the cross-over region where T ~ m.c? and ete”
annihilation takes place. In fact from the conservation of entropy it follows that asymptotically we have
VT3 cm.e 11
( 1< ec? 12 7 (97)
(VTS)T>mec2 4
exactly for the same reasons and physics scenario discussed in the cosmological framework by Weinberg, see e.g.
Eq. (15.6.37) of Weinberg (1972). The same considerations when repeated for the conservation of the total energy
eyV = ey?V following from Eq. (94) then lead to
VT remee _ 11

= . 98
(VvTAL}/)T>mEC2 4 ( )

The ratio of these last two quantities gives asymptotically

T, = (TV)T>m,e(32 = (T’Y)T<mec2’ (99)

where T, is the initial average temperature of the dyadosphere at rest.

During the collision of the PEM pulse with the remnant we have an increase in the number density of e*e™ pairs
(see Fig. 24). This transition corresponds to an increase of the temperature in the comoving frame and a decrease of
the temperature in the laboratory frame as a direct effect of the dropping of the gamma factor (see Fig. 20).

After the collision we have the further acceleration of the PEMB pulse (see Fig. 20). The temperature now decreases
both in the laboratory and the comoving frame (see Fig. 24). Before the collision the total energy of the eTe™ pairs
and the photons is constant and equal to Eqy,. After the collision

Edya = EBaryons + Erﬁe* + Ephoton57 (100)

which includes both the total energy Fo+.- 4+ Ephotons Of the nonbaryonic components and the kinetic energy Eparyons
of the baryonic matter

EBaryons = ﬁBV(W - 1) (101)

In Fig. 25 we plot both the total energy E.+.- + Ephotons Of the nonbaryonic components and the kinetic energy
EBaryons of the baryonic matter as functions of the radius for the typical case Egy, = 3.1 x 1054 erg and B = 1072,
Further details are given in Ruffini et al. [143].
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Figure 24: Left) The temperature of the plasma in the comoving frame T'(MeV) (the solid line) and in the laboratory frame
AT' (the dashed line) are plotted as functions of the radius in the unit of the dyadosphere radius r4s. Right) The number
densities n.+.— (T') (the solid line) computed by the Fermi integral and n.+.- (the dashed line) computed by the rate equation
(see section IV) are plotted as functions of the radius. T < mec?, two curves strongly divergent due to e*e™-pairs frozen out
of the thermal equilibrium. The peak at r ~ 100rqs is due to the internal energy developed in the collision.

XII. THE P-GRBS AND THE “SHORT BURSTS”. THE END OF THE INJECTOR PHASE.

We now analyze the approach to the transparency condition given by Eq.(86). For selected values of B we give the
energy Ep-grp of the P-GRB, and Eparyons of the ABM pulse. We clearly have

Edya = Ep-grB + EBaryons . (102)

Taking into account the results shown in Figs. 24-25, we can repeat all the considerations for selected values of
B. We shall examine values of B ranging from B = 1078 only up to B = 10~2: for larger values of B our constant
slab approximation breaks down. We will see in the following that this range does indeed cover the most relevant
observational features of the GRBs.

As clearly shown in Fig. 20 both the final value of the gamma factor and the radial coordinate at which the
transparency condition is reached depend very strongly on B. Therefore a strong dependence on B is also found in
the relative values of Ep-grp and Earyons-

We are now finally ready to give in Fig. 6 the crucial diagram representing the values of Fp-grp and Earyons
in units of the Fgy, as functions of B. This diagram, a universal one, is very important and is essential for the
understanding of the GRB structure.

We find that for small values of B (around 10~8) almost all the Eqy, is emitted in the P-GRB (see also our previous
paper Ruffini et al. [142]) and very little energy is left in the baryons. While for B ~ 10~2 roughly only 10=2 of the
total initial energy of the dyadosphere is radiated away in the P-GRB and almost all energy is transferred to the
baryons.
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Figure 25: The energy of the non baryonic components of the PEMB pulse (the solid line) and the kinetic energy of the baryonic
matter (the dashed line) in unit of the total energy are plotted as functions of the radius in the unit of the dyadosphere radius

Tds-

This behaviour is at the heart of the fundamental difference between the so called short bursts and long bursts. We
have proposed in Ruffini et al. [145] that the short bursts must be identified with the P-GRBs in the case of very
small B. There are a variety of reasons supporting this identification:

1. For small values of B, Eparyons is negligible, see Fig. 6, and consequently the intensity of the afterglow is also
negligible and the entire energy Eg,, is released into the P-GRB. This is clearly consistent with the absence of
observed afterglows in the short bursts.

2. The temperature of the P-GRB in the laboratory frame 47" at the transparency point is a strongly decreasing
function of B, see Fig. 6. 47 is related to the energy corresponding to the peak of the photon-number spectrum,
as described in Ruffini et al. [142]. This is also in very good agreement with the observed decrease of the
hardness ratio between the short bursts and the long bursts (Kouveliotou et al. [84]).

3. The time Tyg, the duration of 90% of the energy emission as used in the current literature and discussed in
Ruffini et al. [143] is plotted in Fig. 26 for selected values of Eqy,, and for different values of B.

Before concluding a word of caution is needed about how to use the above results: all these considerations are based
on the drastic approximations in the description of the dyadosphere presented in section III, see also Fig. 21. This
treatment is very appropriate in estimating the general dependence of the energy of the P-GRB, the kinetic energy
of the ABM pulse and consequently the intensity of the afterglow. Especially powerful is the establishment of the
dependence of Ep-grp and Eparyons 00 B (see Fig. 6). As we will see in the next sections, this approximation is
similarly powerful in determining the overall time structure of the GRB and especially the time of the release of the
P-GRB with respect to the moment of gravitational collapse and the afterglow.
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Figure 26: The duration computed with the Ty criterion is represented as a function of the B parameter for three selected
EMBH respectively with Eqyq = 4.4 X 10°? erg, Egya = 3.1 X 10°* erg, Egya = 4.1 % 10°® erg going from the lower curve to the
upper one.

If, however, we turn to the detailed temporal structure of the P-GRB and its detailed spectral distribution, it is
clear that the approximations given in section III is no longer valid. The detailed description of the formation of the
dyadosphere as qualitatively expressed in Fig. 48 is now needed in all mathematical rigour with the full development
of all its governing equations. Progress in this direction is being made at this moment (Cherubini et al. [28], Ruffini
& Vitagliano [156, 157], Ruffini et al. [159]). This situation, however, provides a unique opportunity to follow in real
time the general relativistic effects of the approach to the EMBH horizon as it occurs. In other words all direct general
relativistic effects of the GRBs are encoded in the fine structure of the P-GRB. For the reasons given in section X the
information on the EMBH mass and charge can only come from the short bursts.

This terminates the injector phase. We now turn to the Beam-Target phase in which the ABM pulse collides with
the interstellar medium target and the afterglow is generated. We shall in the following sections review the basic
theoretical treatment necessary for the description of these remaining eras and proceed then to the confrontation of
the EMBH theory with the data.

XIII. THE ERA IV: THE ULTRARELATIVISTIC AND RELATIVISTIC REGIMES IN THE
AFTERGLOW

In the introduction we have already expressed the basic assumptions which we have adopted for the description
of the collision of the ABM pulse with the ISM. In analogy and by extension of the results obtained for the PEM
and PEMB pulse cases, we also assume that the expansion of the ABM pulse through the ISM occurs keeping its
width constant in the laboratory frame, although the results are quite insensitive to this assumption. We assume
then that this interaction can be represented by a sequence of inelastic collisions of the expanding ABM pulse with a
large number of thin and cold ISM spherical shells at rest with respect to the central EMBH. Each of these swept up
shells of thickness Ar has a mass A Mg, and is assumed to be located between two radial distances r1 and ro (where
ro —ry = Ar < rp) in the laboratory frame. These collisions create an internal energy AFiu.

We indicate by Ae the increase in the proper internal energy density due to the collision with a single shell and
by pp the proper energy density of the swept up baryonic matter. This includes the baryonic matter composing the
remnant around the central EMBH, already swept up in the PEMB pulse formation, and the baryonic matter from
the ISM swept up by the ABM pulse:

(A/[B + ]V]ism) CQ

= (103)

B =

Here V' is the ABM pulse volume in the comoving frame, Mp is the mass of the baryonic remnant and Mgy, is the
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ISM mass swept up from the transparency point through the 7 in the laboratory frame:

47
A{ism = mpnism? (7'3 - T03> ) (104)
where m,, the proton mass and njs, the number density of the ISM in the laboratory frame.
The energy conservation law in the laboratory frame at a generic step of the collision process is given by

Vl A A41 sm 02

B Y12 V1 4+ AMignc? = (ﬂB1 A + v + Ae) 122 Vy, (105)
£ 2

where the quantities with the index “1” are calculated before the collision of the ABM pulse with an elementary shell
of thickness Ar and the quantities with “2” after the collision, 7 is the gamma factor and V the volume of the ABM
pulse in the laboratory frame so that V = ~V.

The momentum conservation law in the laboratory frame is given by

Vi AI\/L va2
pByNUn V1 = (PBlvl + T;

+ Ac) Y2Ur, V2, (106)
where U, = y/v2 — 1 is the radial covariant component of the four-velocity vector (see Ruffini et al. [142, 143] and
Eq.53).

We thus obtain

71 U‘r'l Vl Vvl A]V[ism 52
Ae — _ _L oy Torsme 107
€ = pp U, Vo (PBl v + v ) (107)

a 71 A]M-ismc2
= —V—, a= + . 108
IS a?—1 Ur,  pB,Un V1 (108)

We can use for Ae the following expression

Ae — Eint2 - Eint1 _ Eintl + AE‘int o Eint1 _ AE‘int (109)

Va Vi Va Vi Va

because we have assumed a “fully radiative regime” and so Ein, = 0. Substituting Eq.(108) in Eq.(107) and applying
Eq.(109), we obtain:

AMign 2 AMigmc?\ 2 AMign 2
AEm — 1V 1+2 1sm +( 1sm ) _ 1V (1+ 1sm > , 110
L 1\/ o B V1 e B, V1 (110)
v+ AMigmc?

pBL VA
Y2 = >
AMigmc? AMigmc?
\/1+271 pB V1 + ( pB V1 )

These relativistic hydrodynamic (RH) equations have to be numerically integrated.

These are the actual set of equations we have integrated in the EMBH theory. In order to compare and contrast
our results with the ones in the current literature, in section XVIII we have introduced the continuous limit of our
equations and proceeded to have piecewise approximate power law solutions. We examine as well in section XX still
under the above assumptions, the effects of a possible departure from homogeneity in the interstellar medium, still
keeping the average density n;s, = const. Although these inhomogeneities are not relevant for the overall behaviour
of the afterglow which we address here, they are indeed important for the actual observed flux and its temporal
structures (see Ruffini et al. [147]). Also these considerations are affected by the angular spreading (Ruffini et al.
[148]).

(111)

XIV. THE ERA V: THE APPROACH TO THE NONRELATIVISTIC REGIMES IN THE AFTERGLOW

The only reason for addressing this last era is that the issue of the approach to nonrelativistic behaviour has been
extensively discussed in the literature. In our treatment these results do not show any particular problems and the
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relativistic equations of the previous section continue to hold. In the specific example of GRB 991216 we will present
in section XVIII some analytic asymptotic expansions of these equations.

This concludes the exposition of the different eras of the EMBH theory. It goes without saying that for the
description of each era, all the preceding eras must necessarily be known in order to determine the space-time grid
in the laboratory frame and its relation to the arrival times as seen by a distant observer. This is the basic message
expressed in the RSTT paradigm.

We can now turn to the comparison of the EMBH theory with the observational data.

XV. THE BEST FIT OF THE EMBH THEORY TO THE GRB 991216: THE GLOBAL FEATURES OF
THE SOLUTION

For reasons already explained in the introduction, we use the GRB 991216 as a prototype. We will then later apply
the EMBH theory to other GRBs. The relevant data of GRB 991216 are reproduced in Fig. 3: the data on the burst
as recorded by BATSE Rapid Burst Response [6] and the data on the afterglow from the RXTE satellite (Corbet &
Smith [31]) and the Chandra satellite (Piro et al., [120]), see also Halpern et al. [73].

The data fitting procedure relies on three basic assumption:

1. In the E-APE region, the source luminosity is mainly in the energy band 50-300 KeV, so we consider the flux
observed by BATSE a good approximation of the total flux.

2. In the decaying part of the afterglow, we assume that during the R-XTE and Chandra observations the source
luminosity is mainly in the energy band 2-10 KeV, so we can again assume that the flux observed by these
satellites is a good approximation of the total one.

3. We have neglected in this paper the optical and radio emissions, since they are always negligible with respect
to the X and 7 ray fluxes. In fact, even in the latest afterglow phases up to where the X-ray data are available,
they are one order of magnitude smaller then the X-ray flux.

These assumptions were initially adopted for the sake of simplicity, but have now also been justified on the basis of
the spectral description of the afterglow (Ruffini et al. [150]).

As already emphasized in the previous sections, in the EMBH theory there are only two free parameters character-
ising the afterglow: the energy of the dyadosphere, Ey,,, and the baryonic matter in the remnant of the progenitor
star, parametrized by the dimensionless parameter B. The location of the remnant has been assumed ~ 100 cm. As
discussed in Ruffini et al. [144] and section X, the results are rather insensitive to the actual density and location of
the baryonic component but they are very sensitive to the value of B (Ruffini et al. [143]).

In Fig. 7 we present the actual first results of fitting our EMBH theory to the data from the R-XTE and Chandra
satellites, corresponding to selected values of Egy, and B. There are three distinct features which are clearly evident
as a function of the arrival time at the detector: an initial rising part in the afterglow luminosity which reaches a
peak followed by a monotonically decreasing part.

‘We have then proceeded to fine tune the two parameters in Fig. 27. The main conclusions from our model are the
following;:

1) The slope of the afterglow in the region where the experimental data are present is n = —1.6 and is in perfect
agreement with the observational data. The index n in this region is rather insensitive to the values of the parameters
Eg4yq and B. The physical reason for this universality of the slope is rather remarkable since it depends on a variety
of factors including the ultrarelativistic energy of the baryons in the ABM pulse, the assumption of constant average
density in the ISM, the “fully radiative” conditions leading predominantly to X-ray emission, as well as all the different
relativistic effects described in the RSTT paradigm (see also section XVIII).

2) The afterglow fit does not depend directly on the parameters p,§ but only through their combination Egyq.
Thus there is a 1-parameter family of values of the pair (p, £) allowed by a given viable value of Fgy, (see Fig 17 and
section X).

3) By fine tuning the parameters of the best fit of the luminosity profile and time evolution of the afterglow the
following parameters have been found:

Egya = 4.83 x 10%erg, B=3x 1073 . (112)
After fixing in Eq.(112) the two free parameters of the EMBH theory, modulo the mass-charge relationship which

fixes Egyq, we can derive all the space-time parameters of the GRB 991216 (see Tab. I) as well as the explicit
dependence of the gamma factor as a function of the radial coordinate (see Fig. 8).
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Figure 27: Fine tuning of the best fit of the afterglow data of Chandra, RXTE as well as of the range of variability of the BATSE
data on the major burst by a unique afterglow curve leading to the parameter values Eqyq = 4.83 X 10%erg, B =3 x 1073,
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Figure 28: The distribution of the burst durations clearly shows two different classes of events: the “short bursts” and the
“long bursts” (reproduced from Paciesas et al. [107]).

Of special interest is the fundamental diagram of Fig. 9. Its role is essential in interpreting all quantities measured
in arrival time (the time of an observer in an inertial frame at the detector) and their relations to the ones measured
in the laboratory time by an observer in an inertial frame at the GRB source. The two times are clearly related by
light signals (see Fig. 18) and expressed by the integral Eq.(37) and are also affected by the cosmological expansion
(see section V).

XVI. THE EXPLANATION OF THE “LONG BURSTS” AND THE IDENTIFICATION OF THE
PROPER GAMMA RAY BURST (P-GRB)

Having determined the two free parameters of the EMBH theory, any other feature is a new prediction. An
unexpected result soon became apparent, namely that the average luminosity of the main burst observed by BATSE
can be fit by the afterglow curve (see Fig. 10). This led us to the identification of the long bursts observed by BATSE
with the extended afterglow peak emission (E-APE). The peak of this E-APE occurs at ~ 19.87 s and its intensity
and time scale are in excellent agreement with the BATSE observations (see also Ruffini et al. [147]). It is clear
that this E-APE is not a burst, but is seen as such by BATSE due to its high noise threshold (see also Ruffini et al.
[147]). Thus the outstanding unsolved problem of explaining the long GRBs (see e.g. Piran [117], Salmonson et al.
[162], Wilson et al. [187]) is radically resolved: the so called “long bursts” do not exist, they are just E-APEs (see
Fig. 28).

We now turn to the most cogent question to be asked: where does one find the burst which is emitted when the
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Figure 29: A qualitative diagram showing the full picture of the model, with both P-GRB and E-APE.

condition of transparency against Thomson scattering is reached? We have referred to this as the proper gamma ray
burst (P-GRB) in order to distinguish it from the global GRB phenomena (see Bianco et al. [13], Ruffini et al. [144]).
We are guided in this search by two fundamental diagrams (see Fig. 11 and Fig. 11):

1. In Ruffini et al. [143] it is shown that for a fixed value of Eq4,, the value of B uniquely determines the energy
Ep-grp of the P-GRB and the kinetic energy Eparyons of the ABM pulse which gives origin to the afterglow
(see Fig. 11). For the particular values of the parameters given in Eq. (112), we find

Ep-grp = 7.54 x 10%%erg, Eparyons = 943 x 10%%erg (113)
and then:
Ep.
—PCRB _ 158 x1072. (114)
EBa'r'yons

2. One important additional piece of information comes from the differences in arrival time between the P-GRB
and the peak of the E-APE, see Fig. 11. Using the results of this figure and the numerical values given in Tab. I,
we can retrace the P-GRB by reading off the time parameters of point 4 in Fig. 8. Transparency is reached at
21.57 s in comoving time at a radial coordinate r = 1.94 x 104 c¢m in the laboratory frame and at 8.41 x 1072 s
in arrival time at the detector.

All this, namely the energy predicted in Eq.(113) for the intensity of the burst and its time of arrival, leads to
the unequivocal identification of the P-GRB with the apparently inconspicuous initial burst in the BATSE data. We
have estimated from the BATSE data the ratio of the P-GRB to the E-APE over the noise threshold to be ~ 1072,
in excellent agreement with the result in Eq. (114), see Fig. 29.

It is important to emphasize that the diagrams in Fig. 6 and Fig. 11 are not universal, but depend on the dyadosphere
energy. The corresponding diagrams for three selected Egyq values (Egyq = 5.29 x 105! erg, Egyq = 4.83 x 10%3 erg
and Egy, = 4.49 x 10°° erg) are given in Fig. 30a where we have plotted the energy of the P-GRB and of the E-APE
as a function of B. The crossing of the intensity of P-GRB and E-APE occurs respectively at B; = 6.0 x 1072,
By =25x%x107% and Bs = 1.2 x 107° where B; > By > Bs. In Fig. 30b the same quantities are plotted as a function
of the baryon mass Mp in units of solar masses and the opposite dependence occurs: My < Ma < Ms.

The physical reasons beyond these results is the following. We recall that the kinetic energy Eparyons and mass
Mp of PEMB pulse are

EBaryons = (Y —1)Mp Mp = BEgy, (115)
at the crossing point defined by
1
EBa'ryons = EP—GRB = §Edya~ (116)
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Figure 30: a) The same diagram of Fig. 6 is plotted for three different Eqy, values: Egyq = 5.29 X 10°! erg (dashed lines),
Eaya = 4.83 x 10°% erg (solid lines) and Egy, = 4.49 x 10°° erg (dotted lines). b) Same as in a) but plotted as a function of
the baryonic mass Mp in units of solar masses instead of B.

From these two equations, we obtain
1 1
B=—"—"—7+>~_—, (117)
2(7, — 1) 276
7o is the Lorentz gamma factor of the PEMB pulse at the transparency point, where (see section XI)
Mg

- B 11
47r2 Ay, (118)

(Npair + nB)or ~npor =1, np

Ay is the PEMB pulse thickness and r, the radial position at the transparency point. In addition, from the total
energy conservation, we have

(e + np)y24mriA = const., (119)

where € is the thermal energy of the PEMB pulse. In the regime np > €, we have

o S, (120)
and in the regime np < ¢, we have
Yo ~ To. (121)
Considering the crossing point to occur in the second regime, we obtain at the crossing point
B~ (Egya)"%, Mg~ (Egya)i. (122)

These results are plotted in Figs. 3la-b. The agreement with the computed results is quite satisfactory. The differences
can be attributed to the approximation adopted in Eq.(121) which is modified for high B values.

The conclusion is that for increasing Fg,, also the baryonic mass corresponding to the cross increases, but in
percentage it increases less than Egy,.

XVII. CONSIDERATIONS ON THE P-GRB SPECTRUM AND THE HARDNESS OF THE SHORT
BURSTS

Regarding the P-GRB spectrum, the initial energy of the electron-positron pairs and photons in the dyadosphere
for given values of the parameters can be easily computed following the work of Preparata et al. [124]. We obtain
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Figure 31: a) The B values corresponding to the crossings in Fig. 30a are plotted versus Fgy, (solid line). The function
B x E;yl/ * obtained from a qualitative theoretical estimate (see Eq.(122)) is also plotted (dashed line). b) The Mp values
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Figure 32: The temperature of the pulse in the laboratory frame for the first three eras of Fig. 1 of Ruffini et al. [144] is given
as a function of the laboratory time. The numbers 1, 2, 3, 4 represent the beginning and end of each era. The two curves refer
to two extreme approximations adopted in the description of the dyadosphere. Details are given in Ruffini et al. [143] and in
section X.

respectively 7' = 1.95 MeV and T' = 29.4 MeV in the two approximations we have used for the average energy density
of the dyadosphere (see section X). It is then possible to follow in the laboratory frame the time evolution of the
temperature of the electron-positron pairs and photons through the different eras, see Fig. 32. The condition of
transparency is reached at temperatures in the range of ~ 15— 55 KeV at the detector, in agreement with the BATSE
results. We emphasize that in the limit of B going to 1078 in which the P-GRB coincides with the “short bursts”
the spectrum of the P-GRB becomes harder in agreement with the observational data (see Fig. 6 and Band et al.
[4], Dermer et al. [40], Frontera et al. [56], Norris et al. [105]).

All the above are average values derived from the two approximations used in Fig. 17. If one wishes to compare the
EMBH theoretical results with the fine temporal details of the observational data on the P-GRB, a departure from
this average approach will be needed and the fully time varying relativistic analysis outlined in Fig. 48 applies as will
be further discussed in section XXVI.
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XVIII. APPROXIMATIONS AND POWER LAWS IN THE DESCRIPTION OF THE AFTERGLOW

In addition to the BATSE data, there is also clearly perfect agreement with the decaying part of the afterglow data
from the RXTE and Chandra satellites.

We can also establish at this point a first set of conclusions on the luminosity power law index “n” which is a function
depending strongly on the transformation ¢ — t, — t¢ (see Fig. 9). In the current literature such transformations
and the corresponding n values are incorrect. Our theoretical value nipeo = —1.6 obtained for spherical symmetry for
fully radiative conditions and constant density of the ISM is in agreement with observed n,,s = —1.616 4+ 0.067. No
evidence of beaming is found in GRB 991216. We shall return to this point in the conclusions.

An extremely large number of papers in the literature deal with the power law index in the afterglow era. This
issue has been particularly debated in connection with the aim of decreasing the energy requirements of GRBs by the
effect of beaming (see e.g. Davies et al. [34], Mao & Yi [91]). It is currently very popular to infer the existence of
beaming from the direct observations of breakings in the power-law index of the afterglow (see e.g. Dermer & Chiang
[39], Gou et al. [71], Halpern et al. [73], Mészédros & Rees [95], Mészaros et al. [97], Panaitescu et al. [112], Panaitescu
& Mészéros [115], Rhoads [129, 131], Sari, at al. [167]). Our aim here is to underline an often neglected point that
the power law index of the afterglow is the result of a variety of factors including the very different regimes in the
relation between the laboratory time # and the detector arrival time ¢¢ presented in Fig. 9. No meaningful statements
on the values of the power-law index of the afterglow can be made neglecting these necessary considerations expressed
in the RSTT paradigm. This becomes particularly transparent from the power law expansion in the semianalytic
treatments we present below. It is therefore not so surprising, as we will show in the next session, that the results
obtained in the EMBH theory differ from the ones in the current literature.

A. The approximate expression of the hydrodynamic equations

We proceed to a first approximation and expand Eqs.(110, 111) to second order in the quantity

AﬂfismCQ
— 1. 123
oV (123)
We obtain the following expressions:
1 +2-1
AE‘int = (’Yl - 1) Az\4ismc2 it (Ajv[ism)2 (52 ) (124)

T 2Mp + Migm

7t -
(]\/[B + Mism)2

-1

2
7]\/[B+M (AI\/{ism) ) (125)

3
A’Y = A]\/jism + 571

where we set Ay = 72 — 71 and have used the fact that pp, Vi = (Mp + Mism) . In the limit AE;, — dEin,
Ay — dry, and AMisy, — dMigm, neglecting also second order terms, where

dr

dMism, = 47rr2mpnismdr = 47rT2mpnismvdt7 V= (126)
and where the ISM number density gy, is assumed for simplicity to be njsm = 1em™2, we obtain:
dBin = (7 — 1) dMigmc? (127)
2
v- =1
dy = —————dM;qy, . 12
7 MB + Afisrn ( 8)

Eqs.(127, 128) are limiting cases of Taub’s hydrodynamical equations (Boccaletti et al. [22], Landau & Lifshitz
[87], Taub [177]). They have been at times referred into the GRB literature as the Blandford-McKee equations (see
Blandford & McKee [17]). It is clear that the application of these equations holds if Eq.(123) applies. The behaviour

. 2 . . .
of % as a function of the radius when Mg, < Mp is:

AMismc®  1m2Ar

B, V1 Mg~

(129)
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The condition Mism < Mp holds for GRB 991216 during the entire evolution of the system and so Eq.(123) is valid
(see Fig. 33).
Eqgs.(127,128) can be simply solved analytically (see e.g. Blandford & McKee [17]). We then have:

(AIB + A{ism)2 + C

= (AIB + Mism)2 - C’ (130)

where

—1
— mp2le 131
c BT (131)

where we recall that r, and -, are the radial coordinate and the gamma factor at the transparency point and Mp is
the initial baryonic mass of the ABM pulse.
Eq.(130) is a differential equation for r (¢), namely

_ ﬁ 2 o (MB + ]\4ism)2 + O -2 (132)
cdt o (]V[B + ]V[ism)Q -C ’
which can be integrated analytically with solution (see e.g. Abramowitz & Stegun [1])
3

1 * Cr, B+) B 41
2V O (t —to) = (Mp —m2) (r — 7o) + =m0 | [ — ) —1| + —2_1In ( >3 Rk (133)

4 To 6mg B? B3 ( r ) (B+1)

T

Cre 2 - B 2—-B
+ V3arctan —°>——— — v/3arctan ,
3mg B2 { BYV3 BV3 }

]Vlsfmf
ms

where m; = %ﬂmpnismr§7 B = and we recall that ¢, is the laboratory time at the transparency point.

Clearly the fulfilment of Eq.(123) hasl to be checked to ensure the validity of this solution.

277



55

107 > — 10%
k " Theoretical curve
ot

T T
S Theoretical curve
7777777 e 6,2
&) O e b) s u(;al)s ,,,,,,,
g Ot ™8 --ee-

10% | | 1050

45 |
10 48

i

0

10%

1048 |

Source luminosity (ergs/(s*sterad))
Source luminosity (ergs/(s*sterad))

10"

10%2

L ' L L L L L L L L
10* 10° 10° 107 10° 10" 10° 10* 10? 10° 10* 10° 10° 107 10°
Laboratory time (s) Detector arrival time (Iad) (s)

Figure 34: a) The GRB flux emitted in laboratory time. b) the flux emitted in the arrival time, measured by an observer at
rest with respect to the detector (see section XVIII).

B. The approximate expression of the emitted flux

From Egs.(127,128), it follows that the emitted flux in the laboratory frame is given by (see Fig. 34a)

dE
e 47rr2nismmpv'y (y=1)c, (134)

and the corresponding flux in detector arrival time (see Fig. 34b) by

dE_{dtdE dt

datd ~ | ded dt ]t:tw dtg:|t:t(tg).

For the solution of these equations we distinguish four different phases (A-D). The first two correspond to era V.

= 47mismmpc2 |:U7‘2’7 (v—1) (135)

Phase A

Just after the transparency condition is reached, the ISM matter involved is so small that we can approximately
neglect the Migm term in Eq.(130) and we have:

¥~ Y. (136)

In the specific case of GRB 991216 we have v, = 310.1, r, = 1.94 x 10" cm, to = 6.48 x 103 s, t,, ~4.21 x 10725 and
tgo ~ 8.41 x 102 s, where the index “o” refers to the quantities at the transparency point. We can then establish
the following equation describing the ABM pulse motion in this phase: 7 (t) = vt with v ~ ¢. We can than use the
following relation between laboratory time and arrival time:

27,2
t= 272, = llztg, (137)

which is in perfect agreement with the full numerical computation (see Fig. 9).
We can substitute these equations into Eqs.(134,135), obtaining:

dE
o O Vomismt” (138)
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in laboratory time and

dE Sy

T o ellism 4y (139)
dta (1 + Z)l

in arrival time, assuming 7 (y — 1) ~ 42. The results of the numerical integration of Egs.(107,108) are in perfect
agreement with these approximations (see Fig. 34).

Points P — the two maxima of the energy flux

Since the contribution of the ISM mass in Egs.(130-131) can no longer be neglected, the value of v starts to
significantly decrease (see Fig. 8) and the flux reaches a maximum value. We integrate Eq.(134) and Eq.(135) using
Eq.(130) for v, assuming r (t) = vt with v ~ ¢ and Eq.(137) for the relation between the laboratory time and the
arrival time (see Figs. 35-9). We can now obtain the point where the emitted flux reaches its maximum. In general,
the location of the maximum of the flux, point P in Ruffini et al. [144], will occur at different events, if considered in
the arrival time (P4) or in the laboratory time (Pr). In this second case, the point Pr, is determined by equating to
zero the first derivative of Eq.(134), and we have:

2 Mp

TP = gfym A{ism

~ 27, (140)
Pr,

~ 620.2. The maximum of the observed flux is
Pr,

determined by equating to zero the first derivative of Eq.(135). We obtain:

which in the case of GRB 991216 gives vp, = 206.7 and AAI/E..

5 Mp
TPy = E'yov Miom » ~ ’5707 (141)
A
which in the case of GRB 991216 gives vp, ~ 258.4 and AZWB ~ 1550.5.

A
The results of the numerical integration of Eqgs.(107,108) are in perfect agreement with these approximations (see
Fig. 34).

Phase B — the “golden value” n=—1.6
In this phase v can no longer be considered constant and strongly decreases (see Fig. 8). Misy, is increasing, but
v is still almost constant, equal to c¢. As a consequence, we can still say that 7 (t) = vt with v = ¢, but the relation

between laboratory time and arrival time given in Eq.(137) is no longer valid, and also Eq.(41) is no longer applicable
in this phase (see Fig. 9). We can instead write the following “effective” relation:

toc (t4)*% (142)

which is a result of a best fit of the numerical data in this region. Expanding the squares in Eq.(130), neglecting M2,
with respect to M2 but retaining the terms in Mg, and assuming v, > 1 we obtain:

Mg b th

where rp, and tp, are the values of r and ¢ at point Pr,. Substituting this result into Eqgs.(134), we obtain the emitted
flux in the laboratory frame, given by

dE _
o & V2t nimt 4, (144)
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Figure 35: The exact numerical solution for r (t) (solid line), together with the line r = ct (dotted line) and the fitting function
given in Eq.(149) (dashed line).

and this is in good agreement with the full numerical computation (see Fig. 34).
To obtain an analytic formula for the observed flux on the detector, we can still try to use the approximate relation
between ¢ and t? given by Eq.(41):

29(1)* 4
=2y (1)’t, = , 14
r= oy irt, = 2 (145)
where v (t) is given by Eq.(143). We obtain:
1/7
293, 1%
R . 146
( 142 ¢ (146)
Using this formula in Eq.(135), we finally obtain:
dE  Ajtp
t ism -2
x M(ﬁ) 7 (147)

dtd (1+ z)7%
where we again assumed 7 (y — 1) =~ 2. This results are not in agreement with the observational data, because the
power-law index for the observed flux is —10/7 ~ —1.43, instead of the observed value —1.6.

This is a confirmation that Eq.(145) cannot be applied in this phase, as instead has been done by many authors in
the current literature. We instead have to use Eq.(142). In fact, doing so we obtain the correct value:

dE —1.

S 7 M (148)
The results of the numerical integration of Egs.(107,108) are in perfect agreement with these approximations (see
Fig. 34), which implies that the approximate Eq.(127,128) can still be used in this regime, but not Eq.(41), which has
to be replaced by an “effective” local power-law behaviour (see Eq.(142)).

Phase C

This new phase begins when + has decreased so much that the approximation r = ct is no longer valid (see Fig. 35).
In the case of GRB 991216 this happens when v ~ 3.0, t ~ 1.5 x 107 s, tg ~29x10°s and r ~ 4.4 x 107 cm. In
this entire phase, r (¢) manifests the following behaviour typical of damped motion:
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r(t) :72(1*67¥> , (149)

where 7, t* and 7 are constants that can be determined by the best fit of the numerical solution. In the present case
of GRB 991216 we obtain:

7~ 1.101 x 10'8em, 7~2.072x107s, t* ~4.52 x 10%s. (150)

It is important to note that this interesting behaviour, typical of a damped motion, does not lead to any power-law
relationship for the emitted flux as a function of the laboratory time (see Fig. 34). However, if we look at the observed
flux as a function of the detector arrival time, we see that a power-law relationship still can be established, fitting the
numerical solution. The result is:

dE —~1.36
i (¢t (151)
This quite unexpected result can be explained because the relation between t and tg depends on 7 (t) in a nonpower-
law behaviour. This fact balances the complex behaviour of the emitted flux as a function of the laboratory time,
leading finally again to a power-law behaviour arrival time.

In this last phase, however, the flux decreases markedly, and from the point of view of the GRB observations, the
most relevant regions are phases A and B described above, as well as the peak separating them.

Phase D

This last phase starts when the system approaches a Newtonian regime. In the case of GRB 991216 this occurs
when v ~ 1.05, ¢t ~ 5.0 x 107 s, t¢ ~ 3.1 x 107 s and r ~ 1.0 x 10'® cm. In this phase r () is again approaching a
linear behaviour, due to the velocity decreasing less steeply than in Phase C. The emitted flux as a function of the
laboratory time still does not show a power-law behaviour, while the observed flux as a function of detector arrival
time does, with an index n = —1.45 (see Fig. 34).

XIX. THE POWER-LAW INDEX OF THE AFTERGLOW AND INFERENCES ON BEAMING IN GRBS

The results obtained in the previous sections have emphasized the relevance of the proper application of the RSTT
paradigm to the determination of the power-law index of the afterglow. Particularly interesting is the subtle interplay
between the different regimes in the relation between the laboratory time and the arrival time at the detector clearly
expressed by Fig. 9 and the corresponding different regimes encountered in the first order expansion of the relativistic
hydrodynamic equations of Taub [177] (see section XVIII). It is interesting to compare and contrast our treatment
with selected results of the current literature, in order to illustrate some relevant points (see Tab. III). We will consider
the results in the literature only with reference to the limiting case which we address in our work: the condition of
fully radiative emission.

The first line of Tab. III describes the ultrarelativistic regime, corresponding to an increasing energy flux of the
afterglow as a function of the arrival time (phase A in previous section). Our treatment and the results in the literature
by Dermer et al. (see e.g. Bottcher & Dermer [20], Chiang & Dermer [29], Dermer et al. [41]) coincide. They agree
as well with the results by Piran et al. (see e.g. Piran [116, 117], Sari & Piran [168]).

The second line corresponds to the relativistic regime, in which the energy flux of the afterglow, after having reached
the maximum (point P in previous section), monotonically decreases (phase B in previous section). The dependence
we have found of the gamma factor on the radial coordinate of the expanding ABM pulse does coincide with the
one given by Dermer et al. and Piran et al. Our power law index n in this regime, which perfectly fits the data,
however, is markedly different from the others. Particularly interesting is the difference between our results and those
of Dermer et al: the two treatments coincide up to the last relation between the laboratory time and the arrival time
at the detector. As explained in Eqs.(147-148), the two treatments differ in the approximation adopted in relating
the laboratory time to the arrival time at the detector, illustrated in Fig. 9. Dermer et al. incorrectly adopted
the approximation represented by the lower curve in Fig. 9 and consequently they do not find agreement with the
observational data. We have not been able to retrace in the treatment by Piran et al. the steps which have led to
their different results. Special mention must be made of a result stated by Halpern et al. [73], the last entry in line 2,
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Table III: We compare and contrast the results on the power-law index n of the afterglow in the EMBH theory with other
treatments in the current literature, in the limit of high energy and fully radiative conditions. The differences between the
values of —10/7 ~ —1.43 (Dermer) and the results —1.6 in the EMBH theory can be retraced to the use of the two different
approximation in the arrival time versus the laboratory time given in Fig. 9. See details in section XVIII.

Chiang & Dermer [29] Piran [116]
EMBH theory Dermer et al. [41] Sari & Piran [168
Béttcher & Dermer [20] Piran [117]

Vietri [180] |Halpern et al. [73]

Ultra-relativistic Y =" =" Y=
Yo = 310.1
n=2 n=2 n~?2
Relativistic v P8 g~ P8 v~ n > —1.47

3.0 < y < 2585

\ 0 B 5.5 .
n=-16 n=-2=-143 |n=-5%2=-1375
Non-relativistic n = —1.36 n=-17
1.05 <y < 3.0
Newtonian n=—145
1<vy<1.05

that an absolute lower limit for the power-law index n — 1.47 can be established on theoretical grounds. Such a result,
clearly not correct also on the basis of our analysis, has been erroneously used ti support the existence of beaming in
GRBs, as we will see below.

The third line in Tab. III is also interesting, treating the nonrelativistic limit (Phase C in previous section). This
regime has been analysed by Vietri [180], avoiding the exact integration of the equations and relying on simple
qualitative arguments. These results are not confirmed by the integration of the equations we have performed. This
is an interesting case to be examined for its pedagogical consequences. Having totally neglected the relation between
the laboratory time and the time of arrival at the detector, which we have illustrated in Fig. 9, and identifying tz =t,
Vietri reaches a very different power law from our. Moreover, his solution brings to an underestimation of the radial
coordinate: he estimated a radial coordinate of 1.1 x 10'® cm at t¢ = 3.5 x 10* s, while the exact computation shows
a result greater than 3.0 x 107 em (see Tab. I). On the other hand if one assumes, from the above mentioned identity
td =t t =3.5x10%s, one obtains a gamma factor of ~ 300 (see Tab. I) in total disagreement with the nonrelativistic
approximation adopted by Vietri. Quite apart from this pedagogical value, this nonrelativistic phase is of little interest
from the observational point of view, due to the smallness of the flux emitted.

For completeness, we have also shown our estimates of the index n as the Newtonian phase approaches in the last
line of Tab. III.

The perfect agreement between our theoretically predicted value for the power-law index, nipeo, and the observed
ONE, Nobs,

Niheo = —1.6,  Nops = —1.616 % 0.067, (152)
confirms the validity of our major assumptions:
1. The fully radiative regime.
2. The constant average density of the ISM (n;s,, = 1 proton/em?).

3. The spherical symmetry of the emission and the absence of beaming in GRB 991216.
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After the work of Mao & Yi [91] pointing to the possibility of introducing beaming to reduce the energetics of GRBs
and after the discovery of the afterglow, many articles have appeared trying to obtain theoretical and observational
evidence for beamed emission in GRBs. The observations have ranged from radio (see e.g. Frail et al. [54], Rol et
al. [134]) to optical (see e.g. Garnavich, et al [63], Halpern et al. [73], Sagar et al. [161], Schaefer [169]) all the way
to X-rays. Particular attention has been devoted to relating the existence of beaming to possible breaks in the light
curve slope, generally expected at a value of the gamma factor

V= 9y’ (153)
where ¢ is the beam opening angle. There are many articles on this subject; to mention only the most popular
ones, we recall Mészaros et al. [97], Panaitescu & Mészéros [115], Rhoads [129, 130, 131], Sari, at al. [167]. Far from
having reached a standard formulation, these approaches differ from each other in the expected time at which the
break should take place up to a factor of 20 (see e.g. Sari, at al. [167]). They differ as well for the opening angle of
the beam, up to a factor of 3 (see e.g. Sari, at al. [167]). Disagreement still exists on the number of breaking points:
two in the case of Panaitescu & Mészdros [115], one in the case of Sari, at al. [167], one again in the case of Rhoads
[129, 130, 131] but differing in position from the one of Sari, at al. [167]. It has also been noticed that other authors
have shown through numerical simulations that such a transition, if visible at all, is not very sharp (see e.g. Halpern
et al. [73]).

Ample observational data have been obtained for the GRB 991216, in addition to the X-ray band, also in the optical
and radio. For the reason mentioned at the beginning of section XV, we only address in this article the problem of
the 7- and the X-ray emission. In that respect, the main article addressing the issue of beaming in the X-rays for
GRB 991216 is the one of Halpern et al. [73]. The key argument is based on the theoretical inequality claimed to
exist for the power-law index n > —1.47 (see above). The fact that the observed X-ray decay rate is found to be
nebs = 1.616 £ 0.067 is interpreted by the authors as evidence for beaming. Moreover, the fact that the decay rate
n = —1.6 has been observed before a steepening in the optical decay occurred at approximately 1 day of arrival time
authorized an even more extreme proposal of a narrower beam in the X-rays within the optical beam.

It is clear from the entire treatment which we have presented and the results of the EMBH theory given by

Ngheo = —1.6 that there is no evidence for such a beaming, as already stated above. The motivation by Halpern et
al. [73] stems from the incorrect theoretical assumption of the existence of a lower limit in the afterglow power-law
index n > —1.47. From our theoretical analysis the existence of n = —1.6 is clear proof of isotropic emission in the

GRB 991216 and a clear test of the complete relativistic treatment of the source. The fact that the break in the index
should be “achromatic” and the absence of beaming in the X-rays imply an absence of beaming also in the optical and
radio bands. The observed steepening in the optical decay has to find an alternative explanation. Although this is
not the subject of our present work for the above mentioned reasons, we have found interesting the considerations by
Panaitescu & Kumar [111], which find that “there are some major difficulties to apply a jet model to GRB 991216”.
They also state, still for GRB 991216, that “the steepening of the optical decay of a few days is not due to a jet effect,
as suggested by Halpern et al. [73], but to the passage of a spectral break”.

Concerning our own position on the possibility of beaming in GRBs, we would like just to remark that, from
a preliminary analysis of beamed emission within the EMBH model, we have found some new features which are
not encompassed by the results in the current literature, and they could become a distinctive signature for the
discrimination of the existence or nonexistence of beaming (Ruffini et al. [151]). The study of the steepening in the
optical and radio decay is addressed within the EMBH theory in Ruffini et al. [150].

XX. SUBSTRUCTURES IN THE E-APE DUE TO INHOMOGENEITIES IN THE INTERSTELLAR
MEDIUM

The afterglow is emitted as the ABM pulse plows through the interstellar matter engulfing new baryonic material.
In our previous articles we were interested in explaining the overall energetics of the GRB phenomena and in this
sense, we have adopted the very simplified assumption that the interstellar medium is a constant density medium
with nism = 1/cm3. Consequently, the afterglow emission obtained is very smooth in time. We are now interested in
seeing if in this framework we can also explain most of the time variability observed by BATSE (see e.g. Fishman &
Meegan [53]), all of which except for the P-GRB should correspond to the beam-target phase in the IBS paradigm.

‘We pursue this treatment neglecting the angular spreading due to off-axis scattering in the radiation of the afterglow,
which will be presented in sections XXI-XXIII.

Our goal is to focus in this simplified model on the basic energetic parameters as well as on the drastic consequences
of the space-time variables expressed in the RSTT paradigm.
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Figure 36: a) Flux of GRB 991216 observed by BATSE. The enlargement clearly shows the P-GRB (see Ruffini et al. [145]).
b) Flux computed in the collision of the ABM pulse with an ISM cloud with the density profile given in Fig. 37. The dashed
line indicates the emission from an uniform ISM with n = 1lem™2. The dotted line indicates the BATSE noise level.
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Figure 37: The density contrast of the ISM cloud profile introduced in order to fit the observation of the burst of GRB991216.
The dashed line indicates the average uniform density n = lem ™3,

Having obtained the two results presented in Fig. 8 and Fig. 34, we can proceed to attack the specific problem of
the time variability observed by BATSE.

The fundamental point is that in both regimes the flux observed in the arrival time is proportional to the interstellar
matter density: any inhomogeneity in the interstellar medium An;gp, /Tism will lead correspondingly to a proportional
variation in the intensity AI/I of the afterglow. This result has been erroneously interpreted in the current literature
as a burst originating in an unspecified “inner engine”.

In particular, for the main burst observed by BATSE (see Fig. 36a) we have

(AI/T) = (Anism/nis’m) ~ 3. (154)

There are still a variety of physical circumstances which may lead to such density inhomogeneities.

The additional crucial parameter in understanding the physical nature of such inhomogeneities is the time scale of
the burst observed by BATSE. Such a burst lasts At, ~ 20s and shows substructures on a time scale of ~ 1s (see
Fig. 36a). In order to infer the nature of the structure emitting such a burst we must express these times scales in the
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Figure 38: a) Same as Fig. 36b with the ISM cloud located at a distance of 3.17 x 10*”¢m from the EMBH, the time scale of
the burst now extends to ~ 1.58 x 10°s. b) Same as a) with the ISM cloud at a distance of 4.71 x 10""cm from the EMBH,
the time scale of the burst now extends to ~ 1.79 x 10%s.

laboratory time (see Ruffini et al. [144]). Since we are at the peak of the GRB we have vp, ~ 258.5 (see Eq.(141))
and At, corresponds in the laboratory time to an interval

At ~ 1.0 x 1055, (155)

which determines the characteristic size of the inhomogeneity creating the burst AL ~ 5.0 x 106cm (see Tab. I and
Fig. 9).

It is immediately clear from Eq.(154) and Eq.(155) that these are the typical dimensions and density contrasts
corresponding to a small interstellar cloud. As an explicit example we have shown in Fig. 37 the density contrasts
and dimensions of an interstellar cloud with an average density < n >= 1/cm?3. Such a cloud is located at a distance
of ~ 8.7 x 10%¢cm from the EMBH, gives rise to a signal similar to the one observed by BATSE (see Fig. 36b).

It is now interesting to see the burst that would be emitted, if our present approximation would still apply, by
the interaction of the ABM pulse with the same ISM cloud encountered at later times during the evolution of the
afterglow. Fig. 38a shows the expected structure of the burst at a distance 4.1 x 10'7¢m, corresponding to an arrival
time delay of ~ 2 days, where the gamma factor is now 7, ~ 3.6. It is interesting that the overall intensity would
be smaller, the intensity ratio of the burst relative to the average emission would remains consistent with Eq.(154),

2
but the time scales of the burst would be longer by a factor (%) ~ 5 x 10%. Fig. 38b shows the corresponding

quantities for the same ISM cloud located at a distance 6.4 x 10'7c¢m from the EMBH, corresponding to an arrival
time delay of ~ 1 month, where the gamma factor is ~ 1.5.

We are going to analyze in the coming sections the modifications of this basic theory by the effect of the angular
spreading: it will increase the accuracy of the fit obtained in Fig. 36 and will wash away all the features at late arrival
time in the afterglow (see Fig. 38).

XXI. CONSIDERATIONS ON THE RELATIVISTIC BEAMING ANGLES AND ON THE ARRIVAL
TIME

We now generalize the results obtained in section V to consider also the effects due to the size of the emitting
surface and of its curvature. The frequency w and wave-vector k of photons emitted from the ABM pulse (see Fig. 39)
expressed in the laboratory frame are:

w w
k=—(—sindu+cosdv), |kl=—, (156)
c c

where ¢ is the angle (in the laboratory frame) between the radial expansion velocity and the line of sight, v is a unit
vector along the radial expansion velocity of the ABM pulse, and u is a unit vector orthogonal to v oriented toward
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Observer

Figure 39: Qualitative description of the kinematics of the system. The big sphere is the expanding ABM pulse interacting
with the ISM (not shown in the picture). The radius of the ABM pulse at time ¢ is r (¢). The generic point P on the ABM
pulse, from which the photon is emitted, corresponds to a displacement angle ¥ from the line of sight. L is the distance of
P from the observer. Rt is the distance of the EMBH from the observer. rqs is the dyadosphere radius. R is defined by
Ro = Rt —rgs. Vv is a unit vector along the radial expansion velocity. u is a unit vector orthogonal to v oriented toward rising
9. k is the momentum of the photons emitted toward the observer. Note that we have assumed ¥ = A, i.e. k || Rr (see text).

rising . We are assuming here that k and Rt are parallel, also for photons emitted with ¥ # 0, so that A = 9.
This is clearly a good approximation, because the distance Rt corresponds to a redshift z ~ 1, while the radius of
the emitting region is less than a light year in order of magnitude. Then the Lorentz boost along v to the comoving
frame of the ABM pulse yields the corresponding comoving quantities:

Wo = YW (1 ! cosﬂ) , wo = kol ¢, (157)
c

ko = — k| sindu + v || (cosﬁ - E) v, (158)
c
In the comoving frame photons radiating out of the ABM pulse must have (see Eq.(158)):

cost) > %, (159)
because the component of the photon momentum in the comoving frame along the radial expansion velocity direction
must be positive in order to escape. There will then be a maximum allowed ¥ value ¥4, defined by cos Ve = (v/c)
(see Figs. 40-41).

Due to the high value of the Lorentz gamma factor (~ 300) for the bulk motion of the expanding ABM pulse, the
spherical waves emitted from its external surface appear extremely distorted to a distant observer. Let us indicate by
t, the arrival time at a detector of a photon emitted at a laboratory time ¢ by the spherical surface of the relativistically
expanding shell (see also section V). Photons arriving at the same time ¢, will be emitted at different ¢ as a function
of the angle ¥ (see Fig. 39). The relation between ¢ and ¢, in the case of a constant v ~ 5 for expanding radio sources
was found by Rees (see Rees [127]):

ta=t (1 - %cosﬁ) . (160)
For a constant expansion speed, the radius r (¢) of the source is given by:
r(t) =vt. (161)
From Egs.(160-161) we find the equation describing the “surface” emitting the photons detected at arrival time ¢,:

vty

[ S —
1—2cosd)’

(162)
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Figure 40: Left) Not all values of ¥ are allowed. Only photons emitted at an angle such that cos? > (v/c) can be viewed by
the observer. Thus the maximum allowed 1) value ¥mas corresponds to cos 9maz = (v/c). In this figure we represent Vmae (i.e.
the angular amplitude of the visible area of the ABM pulse) in degrees as a function of the arrival time at the detector for the
photons emitted along the line of sight (see text). In the earliest GRB phases v ~ ¢ and $0 Ymaz ~ 0. On the contrary, in
the latest phases of the afterglow the ABM pulse velocity decreases and ¥mqq tends to the maximum possible value, i.e. 90°.
Right) The diameter of the visible area is represented as a function of the ABM pulse radius. In the earliest expansion phases
(v ~ 310) Ysmax is very small (see left pane and Fig. 41), so the visible area is just a small fraction of the total ABM pulse
surface. On the other hand, in the final expansion phases ¥mq. — 90° and almost all the ABM pulse surface becomes visible.

which describes an ellipsoid of eccentricity 2 (see Rees [127]).

In our case the ABM pulse Lorentz gamma factor is not constant (see Fig. 8), and so we must generalize Eqs.(160,162)
to nonconstant expansion velocity. This can be done using the geometry of Fig. 39. We set ¢ = 0 when the plasma
starts to expand, so that r (0) = rqs, i.e. the dyadosphere radius. Let a photon be emitted at time ¢ from the point
P. Tts distance from the observer is L. The time it takes to arrive at the detector is of course % Thus its arrival

time, measured from the arrival of the first photon a time % after its emission at ¢ = 0, is:

ta=t+———, 163
+o (163)

where we have defined t, = 0 when a photon emitted at ¢ = 0 and ¥ = 0 reaches the observer. L is clearly given by:

L:\/R?F+r(t)2—2RTr(t)cos19, (164)

where at any given value of emission time ¢, cos? can assume any value between ( — ) and 1 as noted above, where

v (t) is the expansion speed of the ABM pulse at time ¢ (see Eq.(159)). Now r (¢) is less than one light year in order
of magnitude while Rt corresponds to a redshift z ~ 1. Thus we can expand the right hand side of equation (164) in

powers of %’2 to first order:

L~Ry (1 _r® cosﬁ) , (165)
Ry

which corresponds to assuming L to be equal to its projection on the line of sight (see Fig. 39). Substituting (165)
into (163) yields:
r ()

ta=t+ 2 D sy, (166)
C C

where we have used the fact that Rt = Rg + 7qs (see Fig. 39). For r (t) we can use the following expression:

r(t) = /t v (t)dt + ras, (167)

0
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Figure 41: Left) This figure shows the temporal evolution of visible area of the ABM pulse. The dashed half-circles are the
expanding ABM pulse at radii corresponding to different laboratory times. The black curve marks the boundary of the visible
region. The EMBH is located at position (0,0) in this plot. Again, in the earliest GRB phases the visible region is squeezed
along the line of sight, while in the final part of the afterglow phase almost all the emitted photons reach the observer. This
time evolution of the visible area is crucial to the explanation of the GRB temporal structure. Right) Due to the extremely
high and extremely varying Lorentz gamma factor, photons reaching the detector on the Earth at the same arrival time are
actually emitted at very different times and positions. We represent here the surfaces of photon emission corresponding to
selected values of the photon arrival time at the detector: the equitemporal surfaces (EQTS). Such surfaces differ from the
ellipsoids described by Rees in the context of the expanding radio sources with typical Lorentz factor v ~ 4 and constant. In
fact, in GRB 991216 the Lorentz gamma factor ranges from 310 to 1. The EQTSes represented here (solid lines) correspond
respectively to values of the arrival time ranging from 5 s (the smallest surface on the left of the plot) to 60 s (the largest one
on the right). Each surface differs from the previous one by 5s. To each EQTS contributes emission processes occurring at
different values of the Lorentz gamma factor. The dashed lines are the boundaries of the visible area of the ABM pulse and
the EMBH is located at position (0,0) in this plot. Note the different scale on the two axes, indicating the very high EQTS
“effective eccentricity”. The time interval from 5s to 60s has been chosen to encompass the E-APE emission, ranging from
v = 308.8 to v = 56.84.

so that equation (166) can be written in the form:

fg v (') dt' + ras Tds

ta=1t— cost + —, (168)
c

c
which reduces to Eq.(160) only if v is constant and rqs is negligible with respect to r (¢).

Also from Eq.(168) we can obtain the equation describing the surface that emits the photons detected at an arrival
time t,. In this case, we no longer have ellipsoids of constant eccentricity 2. Since the velocity is strongly varying
from point to point, we have more complicated surfaces like the profiles reported in Fig. 41 where at every point there
will be a tangent ellipsoid of a given eccentricity, but such an ellipsoid varies in eccentricity from point to point.

For a fixed time ¢ of emission in Eq.(168), the allowed angular interval ¥ < cos® < 1 leads to a corresponding
smearing of the arrival time ¢, over the interval

Aty = —— (169)
D

We need now to correct Eq.(168) for the cosmological expansion effects to get the wanted relation between ¢ and

td. We recall that (see section V)

ta=(1+2)ta, (170)
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where z is the cosmological redshift. Our final relation is therefore:

t AN
t')dt' + ras
td=(1+2) <tf0v()7rdcosq9+%> . (171)
c c

XXII. THE EMISSION PROCESS TAKING OFF-AXIS CONTRIBUTIONS INTO ACCOUNT

We now take into consideration the contributions of the off-axis emission to the afterglow to see if the previous
positive results still hold and if some of the problems just stated can be overcome by a more detailed and relativistic
treatment. The corresponding computation for the P-GRB structure will be presented elsewhere, where the time
evolutions of the dyadosphere formation and its consequences on the P-GRB structures are presented following the
work of Cherubini et al. [28], Ruffini & Vitagliano [156, 157], Ruffini et al. [159]. The effects on the P-GRB structure
of the dyadosphere formation dominate those due to the angular spreading.

Following Eqgs.(110-111), we recall that in the comoving frame of the expanding ABM pulse we suppose that the
internal energy due to kinetic collision is instantly radiated away and that the corresponding emission is isotropic. As
in section II, let Ae be the internal energy density developed in the collision. In the comoving frame the energy per

unit of volume and per solid angle is simply
dE Ae
=== 1
(dVdQ) Y (172)

due to the fact that the emission is isotropic in this frame. The total number of photons emitted is an invariant
quantity independent of the frame used. Thus we can compute this quantity as seen by an observer in the comoving
frame (which we denote with the subscript “o”) and by an observer in the laboratory frame (which we denote with
no subscripts). Doing this we find

AN, dNy -3
ke O ) A3 cos 1
dtdQds ,/She” (dtdeE) AT cosd, (173)

where cos?) comes from the projection of the elementary surface of the shell on the direction of propagation and
A =~(1 — Bcos?) is the Doppler factor introduced in the two following differential transformation

dQo = dQ x A2 (174)
for the solid angle transformation and

dto =dt x A=* (175)
for the time transformation. The integration in d¥ is performed over the visible area of the ABM pulse at laboratory
time ¢, namely with 0 <9 < ¥4 and Ppnq, defined in section XXI (see Eq.(159) and Figs. 40-41). An extra A factor
comes from the energy transformation:

E,=ExA. (176)

See also Chiang & Dermer [29]. Thus finally we obtain:

dE dE
— = — ] AT? . 1
dtdQds /Sheu (dtdeE)o cos ¥ (177)
Doing this we clearly identify (%)0 as the energy density in comoving frame up to a factor = (see Eq.(172)).
Then we have:
dE / Ae i
— = — v cosI A" dX, 178
dtd$2 shen 4T (178)

where the integration in d¥ is performed over the ABM pulse visible area at laboratory time ¢, namely with 0 < <
Vmaz and V0. defined in section XXI.

Eq.(178) gives us the energy emitted toward the observer per unit solid angle and per unit laboratory time ¢ in the
laboratory frame. But what we really need is the energy emitted per unit solid angle and per unit detector arrival
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time ¢, so we must use the complete relation between ¢ and ¢ given in Eq.(171). First we have to multiply the
integrand in Eq.(178) by the factor (dt/ dtﬁ) to transform the energy density generated per unit of laboratory time
t into the energy density generated per unit arrival time t¢. Then we have to integrate with respect to d¥ over the
equitemporal surface (EQTS, see section XXI) of constant arrival time ¢ instead of the ABM pulse visible area at
laboratory time ¢. The analog of Eq.(178) for the source luminosity in detector arrival time is then:

dE. A dt
= / 28 0 cost AT gy (179)
dtde EQTS 4 dtg

It is important to note that, in the present case of GRB 991216, the Doppler factor A= in Eq.(179) enhances the
apparent luminosity of the burst, as compared to the intrinsic luminosity, by a factor which at the E-APE is in the
range between 10° and 10'2!

To perform the numerical integration of Eq.(179) we have implemented the following procedure for each fixed value
of the laboratory time ¢:

1. We fix the laboratory time ¢.

2. We divide the interval of the allowed values (v (t) /¢) < cos? < 1 into N small steps, each one of amplitude

An (cos) = 120 /9) (180)
N
3. We select n directions defined by:
cost¥, =1 —nA(cos?) , (181)

where n is an integer, 0 < n < N and so Y9 =0 and ¢,, = Yinaz-

4. For each 9,, we compute with Eq.(179) the contribution to the afterglow luminosity arising from an angular
aperture corresponding to Ay (cos®) around such a direction.

5. We compute for each value of n the corresponding values of the arrival time t¢ using Eq.(171).

To obtain the total luminosity at arrival time tz we sum together all the above contributions corresponding to the
same tfll.

We first apply this treatment to the analysis of the afterglow using assumptions 1 and 2 of section. II, namely that
the ISM density is constant n;sm, =< nsm >= 1 particle/ cm® and that the ABM is spherically symmetric.

Fig. 42 compares the new result for the afterglow luminosity as a function of the detector arrival time with the
previous one obtained in section XV by neglecting off-axis emission. The main conclusions are:

1. The total energy emitted both in the radial approximation and in the full computation with the off-axis emission
is conserved. This is a necessary condition for checking the consistency of the model.

2. The slope of the decreasing part of the afterglow is unchanged. We emphasize once more the great advantage
of the radial approximation which has allowed to obtain an analytic expression for this slope.

3. The final phase of the afterglow (v < 2) is largely affected by the late arrival of the radiation emitted at large
angles. In fact in the radial approximation the luminosity goes abruptly to zero when ~ reaches 1 while in the
new complete treatment the behavior is much smoother due to the delayed arrival of the radiation emitted at
large angles. Consequently, enforcing the energy conservation, in the rising part of the afterglow the luminosity
in the new treatment is shown to be slightly smaller than in the radial case.

In order to acquire a better understanding of the effects of angular spreading, we have found it helpful to analyze the
radiation emitted from selected angles ¥ between 0 and ,,4,. This is in addition to the integration results presented
in Fig. 42. In Fig. 42 we show the results of such an analysis plotting the contributions to the total luminosity
corresponding to selected values of n in Eq.(181). We easily see that radiation emitted at large angles is time shifted
with respect to that emitted near the line of sight. In fact the afterglow peak occurs later going to higher n values
(see Fig. 42).
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Figure 42: Left) The predicted afterglow curve for GRB 991216 assuming a constant ISM density equal to 1 particle/cm® and
taking into account all the effects due to off-axis emission (solid line). For comparison we plot also the corresponding curve
obtained in the simple radial approximation (dashed line). We see that this last curve falls sharply to zero when the ABM
pulse reaches v = 1, while the first one has a much smoother behavior due to the time delay in the arrival of the photons
emitted at large 9. Recall that when v tends to 1, the maximum allowed values of ¥ tend to 90°. Right) This figure shows
how the radiation emitted from different angles contributes to the afterglow luminosity. The solid line on the top of the picture
is the total luminosity as in the previous plots. The other dashed and dotted curves represent the radiation components
corresponding to selected values of n in Eq.(181). From the upper to the lower one they corresponds respectively to n = 0,
n = 0.05N, n =0.25N, n = 0.5N, n = N, where in this plot N = 200. We can easily see that the radiation emitted at large
angles (n = N) is time shifted with respect to that emitted near the line of sight (n = 0).

Table IV: For each ISM density peak represented in Fig. 43 we give the initial radius r, the corresponding comoving time 7,
laboratory time ¢, arrival time at the detector ¢t¢, diameter of the ABM pulse visible area d.,, Lorentz factor v and observed
duration At? of the afterglow luminosity peaks generated by each density peak. In the last column, the apparent motion in the
radial coordinate, evaluated in the arrival time at the detector, leads to an enormous “superluminal” behavior, up to 9.5 x 10* c.

“Superluminal”
Peak|r(cm) 7(s) t(s) td(s) |dv(cm) At (s) 5y v = é
A 450 x 10™°]  4.88 x 10° 1.50 x 10° 15.8 2.95 x 10™ 0.400(303.8 9.5 x 10%¢
B 5.20 x 10%|  5.74 x 10® 1.73 x 10° 19.0 3.89 x 10 0.622265.4 9.1 x 10%c
C 5.70 x 10" 6.54 x 10° | 1.90 x 10° | 22.9 5.83 x 104 1.13 [200.5 8.3 x 10%¢
D 6.20 x 10'%|  7.64 x10° | 2.07x10° | 30.1 9.03 x 10** 5.16 |139.9 6.9 x 10%¢
E 6.50 x 10%¢|  9.22 x 10% 2.17 x 108 55.9 2.27 x 10%° 10.2 57.23 3.9 x 10%¢
F 6.80 x 10'¢|  1.10 x 10* 2.27 x 108 87.4 2.42 x 10%° 10.6 56.24 2.6 x 10%c

XXIII. THE E-APE TEMPORAL SUBSTRUCTURES TAKING INTO ACCOUNT THE OFF-AXIS
EMISSION

We are now ready to reconsider the problem of the ISM inhomogeneity generating the temporal substructures in
the E-APE by integrating on the EQTS surfaces and improving on the considerations based on the purely radial
approximation. We have created (see details in Ruffini et al. [153]) an ISM inhomogeneity “mask” (see Fig. 43 and
Tab. IV) with the main criteria that the density inhomogeneities and their spatial distribution still fulfill < n;g, >=
1 particle/cm3.

The results are given in Fig. 44. We obtain, in perfect agreement with the observations:

1. the theoretically computed intensity of the A, B, C peaks as a function of the ISM inhomogneities;
2. the fast rise and exponential decay shape for each peak;

3. a continuous and smooth emission between the peaks.
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Figure 43: The density profile (“mask”) of an ISM cloud used to reproduce the GRB 991216 temporal structure. As before,
the radial coordinate is measured from the black hole. In this cloud we have six “spikes” with overdensity separated by low
density regions. Each spike has the same spatial extension of 10'® cm. The cloud average density is < nism >= 1 particle/cm?®.
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Figure 44: Left) The BATSE data on the E-APE of GRB 991216 (source: BATSE GRB light curves [5]) together with an
enlargement of the P-GRB data (source: BATSE Rapid Burst Response [6]). For convenience each E-APE peak has been labeled
by a different uppercase Latin letter. Right) The source luminosity connected to the mask in Fig. 43 is given as a function
of the detector arrival time (solid “spiky” line) with the corresponding curve for the case of constant nism = 1particle/cm3
(dashed smooth line) and the BATSE noise level (dotted horizontal line). The “noise” observed in the theoretical curves is
due to the discretization process adopted, described in Ruffini et al. [153], for the description of the angular spreading of the
scattered radiation. For each fixed value of the laboratory time we have summed 500 different contributions from different
angles. The integration of the equation of motion of this system is performed in 22,314, 500 contributions to be considered.
An increase in the number of steps and in the precision of the numerical computation would lead to a smoother curve.
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Interestingly, the signals from shells E and F, which have a density inhomogeneity comparable to A, are undetectable.
The reason is due to a variety of relativistic effects and partly to the spreading in the arrival time, which for A,
corresponding to v = 303.8 is 0.4s while for E (F) corresponding to v = 57.23 (56.24) is of 10.2s (10.6s) (see Tab. IV
and Ruffini et al. [148, 153)).

In the case of D, the agreement with the arrival time is reached, but we do not obtain the double peaked structure.
The ABM pulse visible area diameter at the moment of interaction with the D shell is ~ 1.0 x 10' em, equal to the
extension of the ISM shell (see Tab. IV and Ruffini et al. [148, 153]). Under these conditions, the concentric shell
approximation does not hold anymore: the disagreement with the observations simply makes manifest the need for a
more detailed description of the three dimensional nature of the ISM cloud.

The physical reasons for these results can be simply summarized: we can distinguish two different regimes corre-
sponding in the afterglow of GRB 991216 respectively to v > 150 and to v < 150. For different sources this value may
be slightly different. In the E-APE region (v > 150) the GRB substructure intensities indeed correlate with the ISM
inhomogeneities. In this limited region (see peaks A, B, C) the Lorentz gamma factor of the ABM pulse ranges from
~ ~ 304 to vy ~ 200. The boundary of the visible region is smaller than the thickness AR of the inhomogeneities (see
Fig. 41 and Tab. IV). Under this condition the adopted spherical approximation is not only mathematically simpler
but also fully justified. The angular spreading is not strong enough to wipe out the signal from the inhomogeneity
spike.

As we descend in the afterglow (y < 150), the Lorentz gamma factor decreases markedly and in the border line
case of peak D v ~ 140. For the peaks E and F we have v ~ 50 and, under these circumstances, the boundary of
the visible region becomes much larger than the thickness AR of the inhomogeneities (see Fig. 41 and Tab. IV). A
three dimensional description would be necessary, breaking the spherical symmetry and making the computation more
difficult. However we do not need to perform this more complex analysis for peaks E and F: any three dimensional
description would a fortiori augment the smoothing of the observed flux. The spherically symmetric description of
the inhomogeneities is already enough to prove the overwhelming effect of the angular spreading (Ruffini et al. [153]).

On this general issue of the possible explanation of the observed substructures with the ISM inhomogeneities, there
exists in the literature two extreme points of view: the one by Fenimore and collaborators (see e.g. Fenimore et al.
[48], Fenimore [49], Fenimore et al. [50]) and Piran and collaborators (see e.g. Piran [116, 117], Piro et al., [120], Sari
& Piran [165]) on one side and the one by Dermer and collaborators (Dermer [38], Dermer et al. [40], Dermer &
Mitman [42]) on the other.

Fenimore and collaborators have emphasized the relevance of a specific signature to be expected in the collision of
a relativistic expanding shell with the ISM, what they call a fast rise and exponential decay (FRED) shape. This
feature is confirmed by our analysis (see peaks A, B, C in Fig. 44). However they also conclude, sharing the opinion
by Piran and collaborators, that the variability observed in GRBs is inconsistent with causally connected variations
in a single, symmetric, relativistic shell interacting with the ambient material (“external shocks”) (Fenimore et al.
[50]). In their opinion the solution of the short time variability has to be envisioned within the protracted activity of
an unspecified “inner engine” (Sari & Piran [165]); see as well Mészdros & Rees [98, 99], Mészdros [100], Panaitescu
& Mészéros [113], Rees & Mészéros [128].

On the other hand, Dermer and collaborators, by considering an idealized process occurring at a fixed v = 300,
have reached the opposite conclusions and they purport that GRB light curves are tomographic images of the density
distributions of the medium surrounding the sources of GRBs (Dermer & Mitman [42]).

From our analysis we can conclude that Dermer’s conclusions are correct for v ~ 300 and do indeed hold for v > 150.
However, as the gamma factor drops from vy ~ 150 to v ~ 1 (see Fig 8), the intensity due to the inhomogeneities
markedly decreases also due to the angular spreading (events E and F). The initial Lorentz factor of the ABM pulse
~ ~ 310 decreases very rapidly to v ~ 150 as soon as a fraction of a typical ISM cloud is engulfed (see Tab. IV). We
conclude that the “tomography” is indeed effective, but uniquely in the first ISM region close to the source and for
GRBs with v > 150.

One of the most striking feature in our analysis is clearly represented by the fact that the inhomogeneities of a mask
of radial dimension of the order of 1017 cm give rise to arrival time signals of the order of 20s. This outstanding result
implies an apparent “superluminal velocity” of ~ 10%¢ (see Tab. IV). The “superluminal velocity” here considered,
first introduced in Ruffini et al. [144], refers to the motion along the line of sight. This effect is proportional to 72. Tt
is much larger than the one usually considered in the literature, within the context of radio sources and microquasars
(see e.g. Mirabel & Rodriguez [101]), referring to the component of the velocity at right angles to the line of sight
(see details in Ruffini et al. [153]). This second effect is in fact proportional to v (see Rees [127]). We recall that
this “superluminal velocty” was the starting point for the enunciation of the RSTT paradigm (Ruffini et al. [144]),
emphasizing the need of the knowledge of the entire past worldlines of the source. This need has been further clarified
here in the determination of the EQTS surfaces (see Fig. 41 which indeed depend on an integral of the Lorentz gamma
factor extended over the entire past worldlines of the source. In turn, therefore, the agreement between the observed
structures and the theoretical predicted ones (see Figs. 3-44) is also an extremely stringent additional test on the
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values of the Lorentz gamma factor determined as a function of the radial coordinate within the EMBH theory (see
Fig. 8).

XXIV. ON THE ISTANTANEOUS SPECTRUM OF GRBS

Variability on the shortest time scale ever observed in nature is the main message we have acquired from the
theoretical understanding of GRB astrophysical phenomena (see sections V,VII-XI). This situation is made even
more extreme by the fact that astronomical and astrophysical observations are carried out in the “pathological” time
coordinate of the photon arrival time at the detector (see section V), whereby the first 10* seconds of the GRB
phenomena are further compressed in ~ 0.1 seconds (see Tab. I) and further enhanced. The understanding that in
these first 10* seconds four different physical eras of the GRB phenomena occur has led us to a sentiment of natural
skepticism toward any global or average description of the GRB phenomenon. We start to realize that such average
descriptions mediate on totally different physical processes and lead to very questionable results. Such skepticism was
even strengthened as soon as we realized that the characteristic quantities usually adopted for the description of the
bursts, e.g. Tso and Ty, which so many tried for years to explain within the context of the internal shock model (see
e.g. Fenimore [49], Fenimore et al. [50], Paczyiiski & Xu [109], Piran [116], Rees & Mészdros [128], Sari & Piran [165]
and references therein) were actually referring not at all to the bursts but to the extended emission from the peak of
the afterglow: the E-APE! In this sense they were quite irrelevant for understanding the nature of the GRB source and
were at most of interest for inquiring the structure of the ISM a few light months away from the source! It has been
then with this sentiment of marked skepticism toward a global approach that we have started to consider the problem
of the spectrum of GRBs and the validity of the band relation (Band et al. [7]). To attempt an integral description
of the spectra of the GRBs extending over 108 seconds in arrival time is clearly meaningless. It mediates on two
conceptually physically different phases of GRBs: the injector phase and the beam-target phase (Ruffini et al. [145]).
In addition, in each of these phases many specific eras are present and each one of these eras needs due attention and
can lead in principle to a different instantaneous spectrum. The fact that the spectral distribution observed by Band
was a non-thermal one has been a very strong objection to consider any thermal spectrum. The situation became so
extreme in the recent years that the sole appearance of a thermal spectrum in any part of a theoretical paper was
considered a good reason for rejecting the paper by a refereed journal and to discard the validity of that work.

Having developed the very powerful theoretical tool of the EQTS surfaces (see section XXI and Ruffini et al.
[148, 153]) and having been successful in having established the substructure of the E-APE, in addition to the features
of the afterglow, we have decided to approach the instantaneous spectra of the GRBs in Ruffini et al. [150]. In the
abstract of that paper, we summarize as follows the results: “A theoretical attempt to identify the physical process at the
basis of the afterglow emission of GRBs is presented, assuming GRB 991216 as a prototype. Such a physical process is
identified in a mechanism leading to a thermal emission occurring in the comoving frame of the shock wave originating
the GRBs. For the determination of the actually observed GRB luminosities and spectra at a given arrival time, the
concept of equitemporal surfaces (EQTS, see Ruffini et al. [148]) has to be implemented: the final results comprehend
an integration over an infinite number of planckian spectra, weighted by appropriate relativistic transformations, each
one corresponding to a different viewing angle in the past light cone of the observer. The relativistic transformations
have been computed on the ground of the knowledge of the already determined equations of motion of GRBs within the
EMBH theory (Ruffini et al. [144, 145, 148]). The only free parameter of the present theory is then the dimension of
the “effective cavity” where the thermalization process occurs. A precise fit (X2 ~ 1.08) of the observed luminosity in
the 2-10 keV band of GRB 991216 is presented as well as a detailed estimate of the observed luminosity in the 50-300
keV band and of the expected one in the 10-50 keV band. The long awaited explanation of the observed hard-to-soft
transition in GRBs is also presented” (Ruffini et al. [150]). It is interesting that this theoretical result, which up
to few years ago were hardly testable due to the paucity of photons collected by the detectors, have now become a
necessity in order to interpret the splendid observational results of the new families of space observatory like Chandra
and XMM (see e.g. Borozdin & Trudolyubov [23], Watson et al. [184, 185]).

Prior to our work, the possibility that the non-thermal looking spectrum of GRBs can be found as a superposition of
a set of thermal blackbody spectrum was forcefully expressed in a simple paper by Blinnikov, Kozyreva & Panchenko
[18]. These three authors have expressed in an analytic treatment that indeed the time integration of the black
body planckian spectrum with a temperature varying with time following a simple power-law and expanding with
another power-law can lead to a non-thermal spectrum in agreement with the observed Band relations. To obtain
this result, they use two indexes for their qualitative analysis to be fitted by the observational data. Toward the
end of their paper they finally quoted “In reality, not only time, but also space integration takes place. As shown by
Rees [127], (see also Drozdova € Panchenko [44], Sari [164]) in the case of an expanding emitting shell an observer
simultaneously detects radiation produced in different moments of time (thus, with different temperatures) on the
ellipsoidal or egg-like surface. The integration over this surface can give the same effect as the integration over time
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done in this paper, but we do not perform this here because the result strongly depends on the unknown geometry of
the emitting surface” (Blinnikov, Kozyreva & Panchenko [18]). This treatment which they outline but they discard
due to the difficulty of defining the geometry of the EQTS is exactly what we have done. Our treatment has only
one free parameter and can fit the data of GRBs in a range between a few seconds all the way up to 10% seconds.
There is a basic observational feature between our treatment and the one by Blinnikov, Kozyreva & Panchenko [18]:
their instantaneous spectral distribution has necessarily to be a blackbody one, while in our case is represented by an
integration over an infinite number of planckian spectra, weighted by appropriate relativistic transformations, each one
corresponding to a different viewing angle in the past light cone of the observer. The difference between such unique
spectra should be simply discernible using the observations of XMM, Chandra, and of future space observatories.

XXV. THE OBSERVATION OF THE IRON LINES IN GRB 991216: ON A POSSIBLE
GRB-SUPERNOVA TIME SEQUENCE

We have seen in the previous sections how the time structure of the E-APE gives information on the composition of
the interstellar matter at distances of the order of 5 x 10'® cm from the source. We would like now to point out that
the data on the iron lines from the Chandra satellite on the GRB 991216 (Piro et al., [120]) and similar observations
from other sources (Amati et al. [3], Piro et al. [119], Piro et al., [120]) make it possible to extend this analysis to a
larger distance scale, possibly all the way out to a few light years, and consequently probe the distribution of stars in
the surroundings of the newly formed EMBH.

Most importantly, these considerations lead to a new paradigm for the interpretation of the supernova-GRB corre-
lation (see Ruffini et al. [146]). Indeed a correlation between the occurrence of GRBs and supernova events exists and
has been established by the works of Bloom et al. [19], Galama et al. [58, 59, 60], Kulkarni et al. [85], Piran [116], Piro
et al. [118], Rhoads [131], van Paradijs et al. [179)].

Such an association has been assumed to indicate that GRBs are generated by supernova explosions (see e.g.
Kulkarni et al. [85]). In turn, such a point of view has implied further consequences: the optical and radio data of the
supernova have been attributed to the GRB afterglow, and many theorists have tried to encompass these data and
explain them as a genuine component of the GRB scenario.

We propose instead an alternative point of view implying a very clear distinction between the GRB phenomenon
and the supernova: if relativistic effects presented in the RSTT paradigm are properly taken into account, then a
kinematically viable explanation can be given of the supernova-GRB association. We still use GRB 991216 as a
prototypical case.

The GRB-Supernova Time Sequence paradigm, which we have indicated for short as GSTS paradigm (see Ruffini et
al. [146]), states that: A massive GRB-progenitor star Py of mass My undergoes gravitational collapse to an EMBH.
During this process a dyadosphere is formed and subsequently the P-GRB and the E-APE are generated in sequence.
They propagate and impact, with their photon and neutrino components, on a second supernova-progenitor star P
of mass Msy. Assuming that both stars were generated approximately at the same time, we expect to have My < M.
Under some special conditions of the thermonuclear evolution of the supernova-progenitor star Py, the collision of the
P-GRB and the E-APE with the star Py can induce its supernova explosion.

Especially relevant to our paradigm are the following data from the Chandra satellite (see Piro et al., [120]):

1. At the arrival time of 37 hr after the initial burst there is evidence of iron emission lines for GRB 991216.

2. The emission lines are present during the entire observation period of 10* s. The iron lines could also have been
produced earlier, before Chandra was observing. Thus the times used in these calculations are not unique: they
do serve to provide an example of the scenario.

3. The emission lines appear to have a peak at an energy of 3.49 £ 0.06 keV which, at a redshift z = 1.00 £ 0.02
corresponds to an hydrogen-like iron line at 6.97 keV at rest. This source does not appear to have any significant
motion departing from the cosmological flow. The iron lines have a width of 0.23 keV consistent with a radial
velocity field of 0.1c. The iron lines are only a small fraction of the observed flux.

On the basis of the explicit computations of the different eras presented in the above sections, we make three key
points:

1. An arrival time of 37 hr in the detector frame corresponds to a radial distance from the EMBH travelled by the
ABM pulse of 3.94 x 107 c¢m in the laboratory frame (see Tab. I).

2. It is likely that a few stars are present within that radius as members of a cluster. It has become evident from
observations of dense clusters of star-forming regions that a stellar average density of typically 10*pc=2 (Beck

295



73

\ 4

Figure 45: A qualitative simplified space-time diagram (in arbitrary units) illustrating the GSTS paradigm. The EMBH,
originating from the gravitational collapse of a massive GRB-progenitor star P;, and the massive supernova-progenitor star
Ps-neutron star (P»-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” constant gamma factor 4, during the eras reaching the condition of transparency. Similarly, another “effective”
constant gamma factor 2 < -1 applies during era IV up to the collision with the P>-NS system. A third “effective” constant
gamma factor 3 < 2 occurs during era V after the collision as the nonrelativistic regime of expansion is reached. The dashed
lines at 45 degrees represent signals propagating at speed of light.

et al. [9]) should be expected. There is also the distinct possibility for this case and other systems that the stars
P and P, are members of a binary system.

3. The possible observations at different wavelengths of the supernova crucially depend on the relative intensities
between the GRB and the supernova as well as on the value of the distance and the redshift of the source. In
the present case of GRB 991216, the expected optical and radio emission from the supernova are many orders of
magnitude smaller than the GRB intensity. The opposite situation will be encountered in GRB 980425 (Ruffini
et al. [152]).

In order to reach an intuitive understanding of these complex computations we present a schematic very simplified
diagram (not to scale) in Fig. 45.
We now describe the sequence of events and the specific data corresponding to the GSTS paradigm:

1. The two stars P; and P, are separated by a distance Dp, = 3.94 x 10'7 c¢cm in the laboratory frame, see
Fig. 45. Both stars are at rest in the inertial laboratory frame. At laboratory time ¢t = 0 and at comoving time
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7 = 0, the gravitational collapse of the GRB-progenitor star P; occurs, and the initial emission of gravitational
radiation or a neutrino burst from the event then synchronizes this event with the arrival times ¢, = 0 at the
supernova-progenitor star P, and tZ = 0 for the distant observer at rest with the detector. The electromagnetic
radiation emitted by the gravitational collapse process is instead practically zero, due to the optical thickness
of the material at this stage (Bianco et al. [13], see Tab. I).

2. From Tab. I, at laboratory time #; = 6.48 x 10% s and at a distance from the EMBH of D; = 1.94 x 104 ¢m, the
condition of transparency for the PEMB pulse is reached and the P-GRB is emitted (see section IX). This time
is recorded in arrival time at the detector t4, = 8.41 x 10725, and, at P», at tq, = 4.20 x 1072 s. The fact that
the PEMB pulse in an arrival time of 8.41 x 1072 s covers a distance of 1.94 x 10 ¢m gives rise to an apparent
“superluminal” effect. This apparent paradox can be straightforwardly explained by introducing an “effective”
gamma factor, see Ruffini et al. [146].

3. At laboratory time ¢ = 1.73 x 10% s and at a distance from the EMBH of 5.18 x 106 ¢m in the laboratory frame,
the peak of the E-APE is reached which is recorded at the arrival time ¢, = 9.93 s at P, and tﬁ = 19.87 s at the
detector. This also gives rise to an apparent “superluminal” effect.

4. At a distance Dp, = 3.94 x 10'7 em, the two bursts described in the above points 2) and 3) collide with the
supernova-progenitor star P» at arrival times t,, = 4.20 x 1072 s and t, = 9.93 s respectively. They can then
induce the supernova explosion of the massive star P;.

5. The associated supernova shell expands with velocity 0.1c.

6. The expanding supernova shell is reached by the ABM pulse generating the afterglow with a delay of ¢,, = 18.5 hr
in arrival time following the arrival of the P-GRB and the E-APE. This time delay coincides with the interval
of laboratory time separating the two events, since the Py is at rest in the inertial laboratory frame (see Ruffini
et al. [146]). The ABM pulse has travelled in the laboratory frame a distance Dp, — D1 ~ Dp, = 3.94 x 107 cm.
in a laboratory time ty — t; =~ 5 = 1.32 x 107 s (neglecting the supernova expansion).

The collision of the pulse with the supernova shell occurs at v ~ 4.0. By this time the supernova shell has reached
a dimension of 1.997 x 10 ¢m, which is consistent with the observations from the Chandra satellite.

In these considerations on GRB 991216 the supernova remnant has been assumed to be close to but not exactly
along the line of sight extending from the EMBH to the distant observer. If such an alignment should exist for other
GRBs, it would lead to an observation of iron absorption lines as well as to an increase in the radiation observed
in the afterglow corresponding to the crossing of the supernova shell by the ABM pulse. In fact, as the ABM pulse
engulfs the baryonic matter of the remnant, above and beyond the normal interstellar medium baryonic matter, the
conservation of energy and momentum implies that a larger amount of internal energy is available and radiated in
the process (see section XIIT). This increased energy-momentum loss will generally affect the slope of the afterglow
decay, approaching more rapidly a nonrelativistic expansion phase (details are given in section XVIII).

It is quite clear that as soon as the relativistic transformations of the RSTT paradigm are duly taken into account,
the sequence of events between the supernova and the GRB occurrences are exactly the opposite of the one postulated
in the so-called “supranova” scenario (Vietri & Stella [181, 182], Vietri et al. [183]). This can be considered a very
appropriate pedagogical example of how classical nonrelativistic applied to ultrarelativistic regimes can indeed subvert
the very causal relation between events.

If we now turn to the possibility of dynamically implementing the scenario, there are at least three different
possibilities:

1. Particularly attractive is the possibility that a massive star P» has rapidly evolved during its thermonuclear
evolution to a white dwarf (see e.g. Chandrasekhar [26]). It it then sufficient that the P-GRB and the E-
APE implode the star sufficiently as to reach a central density above the critical density for the ignition of
thermonuclear burning. Consequently, the explosion of the star P, occurs, and a significant fraction of a solar
mass of iron is generated. These configurations are currently generally considered precursors of some type 1
supernovae (see e.g. Filippenko [52] and references therein).

2. Alternatively, the massive star P, can have evolved to the condition of being close to the point of gravitational
collapse, having developed the formation of an iron-silicon core, type II supernovae. The above transfer of
energy momentum from the P-GRB and the E-APE may enhance the capture of the electrons on the iron nuclei
and consequently decrease the Fermi energy of the core, leading to the onset of gravitational instability (see e.g.
Bethe [12] p. 270 and followings). Since the time for the final evolution of a massive star with an iron-silicon
core is short, this event requires a well tuned coincidence.
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3. The pressure wave may trigger massive and instantaneous nuclear burning process, with corresponding changes
in the chemical composition of the star, leading to the collapse.

The GSTS paradigm has been applied to the case of the GRB 980425 - SN1998bw which, with a red shift of 0.0083,
is one of the closest and weaker GRBs observed. In this case, the radio and the optical emission of the supernova is
distinctively observed. For this particular case, the EMBH appears to have a significantly lower value of the parameter
& and the validity of the GSTS paradigm presented here is confirmed (see Ruffini et al. [152]).

XXVI. GENERAL CONSIDERATIONS ON THE EMBH FORMATION

Before concluding let us consider the problem of the EMBH formation. Such a problem has been debated for many
years since the earliest discussions in 1970 in Princeton and has been finally clarified and addressed in general terms
to justify the plausibility of the hypothesis in Ruffini [139]. There has been a basic change of paradigm. All the
considerations on the electric charge of stars were traditionally directed, following the classical work by Shvartsman
[174] all the way to the fundamental book by Punsly [126], to the presence of a net charge on the star surface in a
steady state condition. The star can be endowed of rotation and magnetic field and surrounded by plasma, like in
the case of Goldreich & Julian [70], or, in the case of absence of both magnetic field and rotation, the electrostatic
processes can be related to the depth of the gravitational well, like in the treatment of Shvartsman [174]. However,
in neither cases it is possible to reach the condition of the overcritical field needed for pair creation nor have the
condition of no baryonic contamination discussed in sections III, VII and essential for the dyadosphere formation.
The basic conceptual point is that GRBs are maybe the most violent transient phenomenon occurring in the universe
and so the condition for the dyadosphere creation have to be searched in a transient phenomenon. The solution is
related to the most transient phenomenon occurring in the life of a star: the process of gravitational collapse.

Having acquired such a fundamental understanding, the next step is to estimate the amount of polarization needed
in order to reach the fully relativistic condition

Q@
MVG

Recalling that the charge to mass ratio of a proton is g,/ <mp\/a> = 1.1 x 1018, it is enough to have an excess of

(182)

one quantum of charge every 10'® nucleons in the core of the collapsing star to obtain an extreme EMBH after the
occurrence of the gravitational collapse. Physically this means that we are dealing with a process of charge segregation
between the core and the outer part of the star which has the opposite sign of net charge in order to enforce the
overall charge neutrality condition. We here emphasize the name “charge segregation” instead of the name “charge
separation” in order to contrast a very mild charge surplus created in different part of the star, keeping the overall
charge neutrality, from the much more extreme condition of charge separation in which all the charges of the atomic
component of the star are separated. It is indeed reassuring that such a core, endowed with charge segregation, is
indeed stable with respect to the Fermi-Chandrasekhar criteria for the stability of self-gravitating stars duly extended
from the magnetic to the electric case: the electric energy of such a core is consistently smaller than its gravitational
energy (see Boccaletti et al. [22]).

Such a condition of charge segregation between the core and the oppositely charged star surface layer can be reached
under a very large number of physical conditions. We consider, for simplicity, one of the oldest example: the one of a
star endowed with both a magnetic field and rotation. It is proved that a typical magnetic field expected for the ISM
is B, ~ 107° G (Ferriere [51]). We further assume, consistently with the data which we have acquired and verified
in the present article (see sections XIII, XIX), that also in the galaxy where GRB 991216 occurred the ISM has an
average density of n;s, = 1 proton/cm?. From this value of density we have that an ISM cloud with mass M ~ 10M,
occupies a sphere of radius R, ~ 1.4 x 10'? em. If this sphere collapse to a star with radius R = R, from the flux
conservation we obtain that it is enough for this star to rotate with the most reasonable angular speed

EMeVG

QO ~
RoR2B,

(183)

to conclude that the progenitor star core is endowed of a charge to mass ratio equal to £. In the extreme case
of Eq.(182) we have ¢ = 1 and so the angular speed is  ~ 1.1 x 1073 rad/s — i.e. one round in 1.5hr — and
correspondingly we have smaller Q values for £ < 1 (see Boccaletti et al. [22]). Clearly the overall neutrality is
guaranteed by the oppositely charged baryonic matter which is the one measured by the B parameter in the EMBH
model (see sections VIII-IX). The smallness of the B value clearly points to the absence of an extended envelope of
the progenitor star.
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The formation process of such an electromagnetised progenitor star will be clearly affected by the presence of differ-
ential rotation, the consequent amplification of the magnetic field and a variety of magnetohydrodynamical problems
which will affect somewhat the simplicity of the heuristic Eq.(183). Similarly the process of gravitational collapse
of such a progenitor star endowed with rotation will lead to complex phenomena of “gravitationally induced electro-
magnetic radiation” (Johnston et al. [81]) and of “electromagnetically induced gravitational radiation” (Johnston et
al. [82]) which will tend to reduce both the eccentricity and the angular velocity of the collapsing core. The general
outcome of gravitational collapse will be a Kerr-Newmann spacetime. It is interesting that such a general case will
break the degeneracy in (u, &) described in section X (see Ruffini et al. [153]). In this article we have addressed the
much simpler case of a solution in which (¢L) / (G]VF) < 1 and the treatment can be well approximated by a collapse
described by a Reissner-Nordstrom geometry.

In addition to this scenario, based on the role of magnetic field and rotation, we are as well pursuing the possible
generation of the charge segregation by quantum effects at the surface of the Fermi semi-degenerate core. In this
framework, it is particularly interesting to consider the purely electric analog of the Chandrasekhar & Fermi [27]
paper on the gravitational stability of self-gravitating magnetized stars. The stability condition, based on the virial
theorem, is simply that the Coulomb energy of the inner core of a charged star should be smaller or equal than the
gravitational energy of the star (Boccaletti et al. [22]). Previous to the collapse, the gravitational energy can be
much smaller than the rest energy of the star and be amplified during the process of gravitational collapse reaching
overcritical intensity of the electric field (see Fig. 46 and Ruffini [139]). It is interesting that the Chandrasekhar-Fermi
inequality just leads to an extreme Reissner-Nordstrém solution.

In both these cases the Reissner-Nordstrém geometry appears indeed to be the relevant model for GRB 991216 as
discussed in the previous sections. We shall return to non spherical configuration in forthcoming publications and/or
when requested by observational evidence (see Ruffini et al. [153]).

XXVII. SOME PROPAEDEUTIC ANALYSIS FOR THE DYNAMICAL FORMATION OF THE EMBH

While the formation in time of the dyadosphere is the fundamental phenomena we are interested in, we can get
an insight on the issue of gravitational collapse of an electrically charged star core studying in details a simplified
model, namely a thin shell of charged dust. In De la Cruz & Israel [35], Israel [80] it is shown that the problem of a
collapsing charged shell in general relativity can be reduced to a set of ordinary differential equations. We reconsider
here the following relativistic system: a spherical shell of electrically charged dust which is moving radially in the
Reissner-Nordstrom background of an already formed nonrotating EMBH of mass M; and charge Q1, with Q1 < M.

The world surface spanned by the shell divides the space-time into two regions: an internal one M_ and an external
one M. The line element in Schwarzschild like coordinate is (Cherubini et al. [28])

o [ —fedt: + f7ldr? +02d0% in My
a5 = { —fodt? + fZldr? +02dQ? in M_ (184)
where fi =1 — ¥ + ?—:, fo=1- % + ?—Qf and t_ and t; are the Schwarzschild-like time coordinates in M_

and M respectively. M is the total mass-energy of the system formed by the shell and the EMBH, measured by an
observer at rest at infinity and Q = Qo + @1 is the total charge: sum of the charge Qo of the shell and the charge Q1
of the internal EMBH.

Indicating by R the radius of the shell and by Ty its time coordinate, the equations of motion of the shell become
(Ruffini & Vitagliano [156])

9 12 2 2
(8B)" = 3 (M= + 3 — % - 22) —f (R)
2 2 2
M,
— e (M- b - 3 - G- 2@ - (R), (185)
dTy 1 M; Qb 1
T = T (M—M1¥2—13—2—§—%>7 (186)

where M, is the rest mass of the shell and 7 is its proper time. Eqs.(185,186) (together with Eq.(184)) completely
describe a 5-parameter (M, Q, My, Q1, Mp) family of solutions of the Einstein-Maxwell equations. Note that
Eqs.(185,186) imply that

M- My — - @@ 5 (187)

holds for R > M + /M2 — Q% if @ < M and for R > My + /M — Q? if Q > M.
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Figure 46: Quantitative description of the gravitational collapse to a neutron star and to a black hole of the core of a rotating
progenitor rotating. The core is estimated to have a mass equal to 3Mp, to have an initial radius » = re and a rotation
period of 15 days. Although the initial rotational energy is of the order of 107! of the total energy, the total rotational energy,
in principle extractable, of the rotating black hole can be as high as of the order of 29%. On the lower-right side the same
considerations are applied to the case of a neutral star formed by a core oppositely charged from its outermost envelope. The
core is expected to have a mass of 3M, a radius equal to 7o and electromagnetic energy /M = 0.1. Although the initial
Coulomb energy is only ~ 10~7 of the total energy, which is in turn hundred times smaller than the gravitational energy, the
final Coulomb energy can be as high as 2.5 x 107 of the total energy. In both cases, the amplification of the rotational energy
and of the Coulomb energy, which indeed are the only two extractable forms of energy from a black hole, is due to the process
of gravitational collapse.

For astrophysical applications (Ruffini et al. [159]) the trajectory of the shell R = R (T;) is obtained as a function
of the time coordinate T relative to the space-time region M. In the following we drop the + index from 77y . From
Eqgs.(185,186) we have

i AR — +E/Q2 - F, (188)
where
2
F=fi(R)=1-3+%, (189)
Q=r - Moo (190)
=AM (191)
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Since we are interested in an imploding shell, only the minus sign case in (188) will be studied. We can give the
following physical interpretation of I'. If M — M; > My, I' coincides with the Lorentz v factor of the imploding shell
at infinity; from Eq.(188) it satisfies

7\/717(%)1296 > 1. (192)

When M — My < My then there is a turning point R*, defined by < T
“effective potential” at R* :

‘R e = 0. In this case I" coincides with the

= VIER) + My (—5 + g+ @) <1, (193)

The solution of the differential equation (188) is given by:

— Q

The functional form of the integral (194) crucially depends on the degree of the polynomial P (R) = R? (QQ — F)7
which is generically two, but in special cases has lower values. We therefore distinguish the following cases:

1. M = Mo + My; Q1 = My; Q = M: P(R) is equal to 0, we simply have

R(T) = const. (195)

2. M = Mo+ My; M? — Q? = M? — Q3%;, Q # M: P(R) is a constant, we have

T:const+\/%[(R+2]\/f)R
+r3 10g<R ”) +r? log(R T‘)} . (196)

3. M = Mo + My; M? — Q* # M? — Q3?: P(R) is a first order polynomial and

= const + 2R/} {WL

MZ+Q3)

+

(MU+Q2—Q§) —9M Mo (MZ+Q— Q1)+12M2M§+2Q2M§
3(M2-Q2— MZ+Q)

-1 {riarctanh (i E)

Nyeer O
—r2 arctanh (% 7V?;;F)] , (197)

where Q1 = Q (ry).
4. M # Moy + M;y: P (R) is a second order polynomial and

T = const — L {QFVFZ 1Q2R\/927F

2¢/M2-Q?
2 RYPE=F , R (?-F)+r103 —(1-1)(R-ry)?
+ry log { Ry T 2(R—r4)RVE_F

21 R\/in R*(Q?—F)+r2 Q2 —(1?—1)(R-r_)?
08 2(R—r_)RVE—F

_ [z (2re—sr) + MG+ @2 Q1] /M@ | |:R,/—Q2_F
Mo(T2— 1)3/2 M

(198)

2Mo (12 —1) R— (M3 +Q*— Q3 )T+2Mo M
+ 2MoM+/T2—1 :
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Figure 47: Left) Collapse curves in the plane (T, R) for M = 20M, and for different values of the parameter £. The asymptotic
behavior is the clear manifestation of general relativistic effects as the horizon of the EMBH is approached. Right) Electric
field behaviour at the surface of the shell for M = 20M;, and for different values of the parameter £. The asymptotic behavior
is the clear manifestation of general relativistic effects as the horizon of the EMBH is approached.

Of particular interest is the time varying electric field Eg = % on the external surface of the shell. In order to
study the variability of £g with time it is useful to consider in the tridimensional space of parameters (R, T,Eg)

the parametric curve C : (R =\ T=T0), &= %) In astrophysical applications (Ruffini et al. [159]) we are

specially interested in the family of solutions such that ‘j—? is 0 when R = oo which implies that I' = 1. In Fig. 47 we

plot the collapse curves in the plane (T, R) for different values of the parameter £ = %, 0 < & < 1. The initial data
(To, Ro) are chosen so that the integration constant in equation (197) is equal to 0. In all the cases we can follow the
details of the approach to the horizon which is reached in an infinite Schwarzschild time coordinate. In Fig. 47 we plot
the parametric curves C in the space (R, T,ER) for different values of £&. Again we can follow the exact asymptotic

behavior of the curves C, g reaching the asymptotic value % The detailed knowledge of this asymptotic behavior
+

is of great relevance for the observational properties of the EMBH formation (see e.g. Ruffini & Vitagliano [156]).
In the case of a shell falling in a flat background (M; = @1 = 0) Eq.(185) reduces to
dR\2 _ 1 (a4 M3 2)?
(B —fr (M+ 3 -%) -1 (199)

Introducing the total radial momentum P = Myu" = MO% of the shell, we can express the kinetic energy of the shell
as measured by static observers in M_ as T = —]V[guufﬁ — My = /P2 + ]\/[g — Mpy. Then from equation (199) we
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have

2 2
M=-Me 0 Py M2 = My T - M 2 (200)

where we choose the positive root solution due to the constraint (187). Eq.(200) is the mass formula of the shell,
which depends on the time-dependent radial coordinate R and kinetic energy 7. If M > @), an EMBH is formed and
we have
M2 2
M=Mo+Ty — 32 + &, (201)
where Ty = T'(r4) and ry = M + /M? — Q2 is the radius of external horizon of the EMBH. We know from the
Christodoulou-Ruffini EMBH mass formula that

M = M + £, (202)
so it follows that
M = Mo — 3% 4 T, (203)

namely that M, is the sum of only three contributions: the rest mass My, the gravitational potential energy and the
kinetic energy of the rest mass evaluated at the horizon. M;,, is independent of the electromagnetic energy, a fact
noticed by Bekenstein (Bekenstein [10]). We have taken one further step here by identifying the independent physical
contributions to M.

Next we consider the physical interpretation of the electromagnetic term Q@

2R’
the conserved Killing integral

o) 1 27
/ r2dr/ dcosb’/ do (em) 0
R 0 0
Q2

ey (204)

which can be obtained by evaluating

gLTiemds”
R

where ¥} is the space-like hypersurface in M described by the equation ¢, = ¢ = const, with d-" as its surface ele-

ment vector and where T,S,e;m) = —ﬁ (F WP Ep, + % 9 PP F, po) is the energy-momentum tensor of the electromagnetic

field. The quantity in Eq.(204) differs from the purely electromagnetic energy
' L em v i 2
/+ anT;(w )ds = %/ dr\/grri‘:)—z,
o R

where n{ = f;l/ in is the unit normal to the integration hypersurface and g, = f4. This is similar to the ar};alogous
situation for the total energy of a static spherical star of energy density e within a radius R, m (R) = 4n fo dr %€,
which differs from the pure matter energy my, (R) = 4w fOR dr./gr-r2€ by the gravitational energy (see Misner, Thorne,

& Wheeler [103]). Therefore the term 2@_; in the mass formula (200) is the total energy of the electromagnetic field
and includes its own gravitational binding energy. This energy is stored throughout the region ¥, extending from R
to infinity.

We now turn to the problem of extracting the electromagnetic energy from an EMBH see (see Christodoulou &
Ruffini [30]). We can distinguish between two conceptually physically different processes, depending on whether the
electric field strength £ = % is smaller or greater than the critical value & = me Here me and e are the mass and
the charge of the electron. As already mentioned in this paper an electric field £ > & polarizes the vacuum creating

electron-positron pairs (see Heisenberg & Euler [78]). The maximum value &4 = % of the electric field around an
+
EMBH is reached at the horizon. We then have the following:

1. For £, < & the leading energy extraction mechanism consists of a sequence of discrete elementary decay
processes of a particle into two oppositely charged particles. The condition £ < & implies

¢= _Q
- VGM
GM/c® VGme . 10—6_M_ i M 6
$q re e e <200 (205)
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where A¢ is the Compton wavelength of the electron. Denardo & Ruffini [36] and Denardo et al. [37] have
defined as the effective ergosphere the region around an EMBH where the energy extraction processes occur.
This region extends from the horizon r4 up to a radius

_ GM
TEerg = o2

1+ 1—§2<1—Gig)}

~ e g (206)

Me

The energy extraction occurs in a finite number Npp of such discrete elementary processes, each one corre-
sponding to a decrease of the EMBH charge. We have

Npp ~ & (207)

; .
Since the total extracted energy is (see Eq. (202)) E*t = %, we obtain for the mean energy per accelerated
particle (E)pp = %

(B)pp = 2€—i — %ﬁﬁme Mec? ~ %fﬁme Mec?, (208)
which gives
M e M
(E)pp < (#5) < 107w it 4L <100 (209)
~ 10%7eVif 5= > 10

One of the crucial aspects of the energy extraction process from an EMBH is its back reaction on the irreducible
mass expressed in Christodoulou & Ruffini [30]. Although the energy extraction processes can occur in the entire
effective ergosphere defined by Eq. (206), only the limiting processes occurring on the horizon with zero kinetic
energy can reach the maximum efficiency while approaching the condition of total reversibility (see Fig. 2 in
Christodoulou & Ruffini [30] for details). The farther from the horizon that a decay occurs, the more it increases
the irreducible mass and loses efficiency. Only in the complete reversibility limit (Christodoulou & Ruffini [30])
can the energy extraction process from an extreme EMBH reach the upper value of 50% of the total EMBH
energy.

. For £, > &, the leading extraction process is a collective process based on an electron-positron plasma generated
by the vacuum polarization, (see Fig. 4) as discussed in section III The condition £ > & implies

GM/c? e -1 —6 M
U () =210 <e<t (210)
This vacuum polarization process can occur only for an EMBH with mass smaller than 2-10°Mg. The electron-
positron pairs are now produced in the dyadosphere of the EMBH, (note that the dyadosphere is a subregion
of the effective ergosphere) whose radius 745 is given in Eq.(8). We have rqs < rEerg. The number of par-
ticles created and the total energy stored in dyadosphere are given in Eqgs.(10,12) respectively and we have
approximately

S (32) 2, (211)
2
Egya = 5= (212)
The mean energy per particle produced in the dyadosphere (E), = sz,dy“ is then
; etem
(B3 (22) % (213)

which can be also rewritten as

(B)y, ~ 1 (%) mec? ~ |5 10%keV . (214)

Such a process of vacuum polarization, occurring not at the horizon but in the extended dyadosphere region
(r4+ <1 <rgs) around an EMBH, has been observed to reach the maximum efficiency limit of 50% of the total
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Figure 48: Space-time diagram of the collapse process leading to the formation of the dyadosphere. As the collapsing core
crosses the dyadosphere radius the pair creation process starts, and the pairs thermalize in a neutral plasma configuration.
Then also the horizon is crossed and the singularity is formed.

mass-energy of an extreme EMBH (see e.g. Preparata et al. [124]). The conceptual justification of this result
follows from the present work: the ete™ creation process occurs at the expence of the Coulomb energy given by
Eq. (204) and does not affect the irreducible mass given by Eq. (203), which indeed, as we have proved, does
not depend of the electromagnetic energy. In this sense, 0 Mj; = 0 and the transformation is fully reversible.
This result will be further validated by the study of the dynamical formation of the dyadosphere, which we have
obtained using the present work and Cherubini et al. [28] (see Ruffini et al. [159]).

Let us now compare and contrast these two processes. We have

—— (ﬁ) r (215)
Naya >~ (%"g) Npp, (216)
(Baya = (22) (B)ep - (217)

Moreover we see (Eqgs. (209), (214)) that (E)pp is in the range of energies of UHECR, while for { ~ 0.1 and
M ~ 10Mg, (E)4 is in the gamma ray range. In other words, the discrete particle decay process involves a small
number of particles with ultra high energies (~ 10%'eV), while vacuum polarization involves a much larger number
of particles with lower mean energies (~ 10MeV).

Having so established and clarified the basic conceptual processes of the energetic of the EMBH, we are now ready
to approach, using the new analytic solution obtained, the dynamical process of vacuum polarization occurring during
the formation of an EMBH as qualitatively represented in Fig. 48. The study of the dyadosphere dynamical formation
as well as of the electron-positron plasma dynamical evolution will lead to the first possibility of directly observing
the general relativistic effects approaching the EMBH horizon.

Before closing we would like to emphasize once more a basic point: all the considerations presented in the description
of the preceding eras are based on the approximations in the description of the dyadosphere presented in section III.
This treatment is very appropriate in estimating the general dependence of the energy of the P-GRB, the kinetic
energy of the ABM pulse and consequently the intensity of the afterglow, as well as the overall time structure of the
GRB and especially the time of the release of the P-GRB in respect to the moment of gravitational collapse and its
relative intensity with respect to the afterglow. If, however, is addressed the issue of the detailed temporal structure of
the P-GRB and its detailed spectral distribution, the above dynamical considerations on the dyadosphere formation
are needed (see also Ruffini et al. [159]). In turn, this detailed analysis is needed if the general relativistic effects close
to the horizon formation have to be followed. As expressed already in section. XII, all general relativistic quantum
field theory effects are encoded in the fine structure of the P-GRB. As emphasized in section X, the only way to
differentiate between solutions with same FEg,, but different EMBH mass and charge is to observe the P-GRBs in the
limit B — 0, namely, to observe the short GRBs.
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XXVIII. CONTRIBUTION OF THE EMBH MODEL TO THE BLACK HOLE THEORY

The aim of this section is to point out how the knowledge obtained from the EMBH model is of relevance also for
the basic theory of black holes and further how very high precision verification of general relativistic effects in the
very strong field near the formation of the horizon should be expected in the near future.

We shall first see how Eq.(203) for M,

My = My — Mo
irr — 0 2ry + T+ 5 (218)
leads to a deeper physical understanding of the role of the gravitational interaction in the maximum energy extraction
process of an EMBH. This formula can also be of assistance in clarifying some long lasting epistemological issue on
the role of general relativity, quantum theory and thermodynamics.

It is well known that if a spherically symmetric mass distribution without any electromagnetic structure undergoes
free gravitational collapse, its total mass-energy M is conserved according to the Birkhoff theorem: the increase in the
kinetic energy of implosion is balanced by the increase in the gravitational energy of the system. If one considers the
possibility that part of the kinetic energy of implosion is extracted then the situation is very different: configurations
of smaller mass-energy and greater density can be attained without violating Birkhoff theorem.

We illustrate our considerations with two examples: one has found confirmation from astrophysical observations,
the other promises to be of relevance for gamma ray bursts (GRBs) (see Ruffini & Vitagliano [156]). Concerning the
first example, it is well known from the work of Landau [86] that at the endpoint of thermonuclear evolution, the
gravitational collapse of a spherically symmetric star can be stopped by the Fermi pressure of the degenerate electron
gas (white dwarf). A configuration of equilibrium can be found all the way up to the critical number of particles

m,

Newit = 0.775 ’"%l, (219)

where the factor 0.775 comes from the coefficient % of the solution of the Lane-Emden equation with polytropic

index n =3, and mp; = 1/% is the Planck mass, mg is the nucleon mass and p the average number of electrons per

nucleon. As the kinetic energy of implosion is carried away by radiation the star settles down to a configuration of
mass

M = Ncritm(] - U, (220)

where the gravitational binding energy U can be as high as 5.72 x 107* N¢,jymy.

Similarly Gamov (see Gamow & Critchfield [61]) has shown that a gravitational collapse process to still higher
densities can be stopped by the Fermi pressure of the neutrons (neutron star) and Oppenheimer (Oppenheimer &
Volkoff [106]) has shown that, if the effects of strong interactions are neglected, a configuration of equilibrium exists
also in this case all the way up to a critical number of particles

3
Neit = 0.39875, (221)

where the factor 0.398 comes now from the integration of the Tolman-Oppenheimer-Volkoff equation (see e.g. Har-
rison et al. [75]). If the kinetic energy of implosion is again carried away by radiation of photons or neutrinos and
antineutrinos the final configuration is characterized by the formula (220) with U < 2.48 x 1072 Ngiymo. These
considerations and the existence of such large values of the gravitational binding energy have been at the heart of the
explanation of astrophysical phenomena such as red-giant stars and supernovae: the corresponding measurements of
the masses of neutron stars and white dwarfs have been carried out with unprecedented accuracy in binary systems
(Gursky & Ruffini [72]).

From a theoretical physics point of view it is still an open question how far such a sequence can go: using causality
nonviolating interactions, can one find a sequence of braking and energy extraction processes by which the density
and the gravitational binding energy can increase indefinitely and the mass-energy of the collapsed object be reduced
at will? This question can also be formulated in the mass-formula language of a black hole given in Christodoulou
& Ruffini [30] (see also Ruffini & Vitagliano [156]): given a collapsing core of nucleons with a given rest mass-energy
My, what is the minimum irreducible mass of the black hole which is formed?

Following Cherubini et al. [28] and Ruffini & Vitagliano [156], consider a spherical shell of rest mass My collapsing
in a flat space-time. In the neutral case the irreducible mass of the final black hole satisfies the equation (see Ruffini
& Vitagliano [156])

M = M = My — 35 + T, (222)
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Figure 49: Collapse curves for neutral shells with rest mass My starting at rest at selected radii R* computed by using the
exact solutions given in Cherubini et al. [28]. A different value of M., (and therefore of ry) corresponds to each curve. The
time parameter is the Schwarzschild time coordinate ¢ and the asymptotic behaviour at the respective horizons is evident. The
limiting configuration M;,, = %‘l (solid line) corresponds to the case in which the shell is trapped, at the very beginning of its
motion, by the formation of the horizon.

where M is the total energy of the collapsing shell and 7% the kinetic energy at the horizon r,. Recall that the area
S of the horizon is (Christodoulou & Ruffini [30])
S = dnrl = 167 M2 (223)

wr
where 1, = 2M;,, is the horizon radius. The minimum irreducible mass Mig:ﬂn) is obtained when the kinetic energy
at the horizon T4 is 0, that is when the entire kinetic energy 77, has been extracted. We then obtain the simple result

M = 2 @2
We conclude that in the gravitational collapse of a spherical shell of rest mass My at rest at infinity (initial energy
M; = M), an energy up to 50% of Myc? can in principle be extracted, by braking processes of the kinetic energy.
In this limiting case the shell crosses the horizon with 7 = 0. The limit % in the extractable kinetic energy can
further increase if the collapsing shell is endowed with kinetic energy at infinity, since all that kinetic energy is in
principle extractable.

In order to illustrate the physical reasons for this result, using the formulas of Cherubini et al. [28], we have
represented in Fig. 49 the world lines of spherical shells of the same rest mass My, starting their gravitational collapse
at rest at selected radii R*. These initial conditions can be implemented by performing suitable braking of the
collapsing shell and concurrent kinetic energy extraction processes at progressively smaller radii (see also Fig. 50).
The reason for the existence of the minimum (224) in the black hole mass is the “self closure” occurring by the
formation of a horizon in the initial configuration (thick line in Fig. 49).

Is the limit Mj, — % actually attainable without violating causality? Let us consider a collapsing shell with
charge Q. If M > @ an EMBH is formed. As pointed out in Ruffini & Vitagliano [156] the irreducible mass of the
final EMBH does not depend on the charge Q). Therefore Egs. (222) and (224) still hold in the charged case with
ry = M+ +/M? — Q2. In Fig. 50 we consider the special case in which the shell is initially at rest at infinity, i.e. has
initial energy M; = My, for three different values of the charge Q. We plot the initial energy M;, the energy of the
system when all the kinetic energy Qf implosion has been extracted as well as the sum of the rest mass energy and
the gravitational binding energy 71;%1}5 of the system (here R is the radius of the shell). In the extreme case Q = Mo,
the shell is in equilibrium at all radii (see Cherubini et al. [28]) and the kinetic energy is identically zero. In all three
cases, the sum of the extractable kinetic energy 7' and the electromagnetic energy % reaches 50% of the rest mass
energy at the horizon, according to Eq. (224).

What is the role of the electromagnetic field here? If we consider the case of a charged shell with @ ~ My,
the electromagnetic repulsion implements the braking process and the extractable energy is entirely stored in the
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Figure 50: Energetics of a shell such that M; = My, for selected values of the charge. In the first diagram @ = 0; the dashed
line represents the total energy for a gravitational collapse without any braking process as a function of the radius R of the
shell; the solid, stepwise line represents a collapse with suitable braking of the kinetc energy of implosion at selected radii; the
dotted line represents the rest mass energy plus the gravitational binding energy. In the second and third diagram Q /Moy = 0.7,
Q/My = 1 respectively; the dashed and the dotted lines have the same meaning as above; the solid lines represent the total
energy minus the kinetic energy. The region between the solid line and the dotted line corresponds to the stored electromagnetic
energy. The region between the dashed line and the solid line corresponds to the kinetic energy of collapse. In all the cases
the sum of the kinetic energy and the electromagnetic energy at the horizon is 50% of My. Both the electromagnetic and the
kinetic energy are extractable. It is most remarkable that the same underlying process occurs in the three cases: the role of the
electromagnetic interaction is twofold: a) to reduce the kinetic energy of implosion by the Coulomb repulsion of the shell; b)
to store such an energy in the region around the EMBH. The stored electromagnetic energy is extractable as shown in Ruffini
& Vitagliano [156].

electromagnetic field surrounding the EMBH (see Ruffini & Vitagliano [156]). In Ruffini & Vitagliano [156] we have
outlined two different processes of electromagnetic energy extraction. We emphasize here that the extraction of 50%
of the mass-energy of an EMBH is not specifically linked to the electromagnetic field but depends on three factors:
a) the increase of the gravitational energy during the collapse, b) the formation of a horizon, c) the reduction of the
kinetic energy of implosion. Such conditions are naturally met during the formation of an extreme EMBH but are
more general and can indeed occur in a variety of different situations, e.g. during the formation of a Schwarzschild
black hole by a suitable extraction of the kinetic energy of implosion (see Fig. 49 and Fig. 50).

Now consider a test particle of mass m in the gravitational field of an already formed Schwarzschild black hole of
mass M and go through such a sequence of braking and energy extraction processes. Kaplan (Kaplan [83]) found for
the energy E of the particle as a function of the radius r

E=m/1- 21, (225)
It would appear from this formula that the entire energy of a particle could be extracted in the limit » — 2M.
Such 100% efficiency of energy extraction has often been quoted as evidence for incompatibility between General
Relativity and the second principle of Thermodynamics (see Bekenstein [11] and references therein). J. Bekenstein
and S. Hawking have gone as far as to consider General Relativity not to be a complete theory and to conclude
that in order to avoid inconsistencies with thermodynamics, the theory should be implemented through a quantum
description (Bekenstein [11], Hawking [76]). Einstein himself often expressed the opposite point of view (see e.g.

308



86

Dyson [45]).

The analytic treatment presented in Cherubini et al. [28] can clarify this fundamental issue. It allows to express
the energy increase E of a black hole of mass M; through the accretion of a shell of mass M starting its motion at
rest at a radius R in the following formula which generalizes Eq. (225):

E=M—-M =-3 4 apy /1- 24 (226)

where M = M; + FE is clearly the mass-energy of the final black hole. This formula differs from the Kaplan formula
(225) in three respects: a) it takes into account the increase of the horizon area due to the accretion of the shell; b)
it shows the role of the gravitational self energy of the imploding shell; ¢) it expresses the combined effects of a) and
b) in an exact closed formula.

The minimum value E;, of E is attained for the minimum value of the radius R = 2M: the horizon of the final
black hole. This corresponds to the maximum efficiency of the energy extraction. We have

M3 M M2 7/ M
Emin = —q37 + Mo\/1 = 57 = —apnt 5wy + Mo/ — a3 (227)

or solving the quadratic equation and choosing the positive solution for physical reasons

Enmin = 1 (, [ M2+ M — Ml> . (228)

The corresponding efficiency of energy extraction is

B ) / M2
"ImaxMOMfmml_%%< 1+1\~'_[%_ >7 (229)

which is strictly smaller than 100% for any given My # 0. It is interesting that this analytic formula, in the limit
M, < My, properly reproduces the result of equation (224), corresponding to an efficiency of 50%. In the opposite
limit M7 > M, we have

o = 1 — 1Mo (230)

Only for My — 0, Eq. (229) corresponds to an efficiency of 100% and correctly represents the limiting reversible
transformations introduced in Christodoulou & Ruffini [30]. It seems that the difficulties of reconciling General
Relativity and Thermodynamics are ascribable not to an incompleteness of General Relativity but to the use of the
Kaplan formula in a regime in which it is not valid. The generalization of the above results to stationary black holes
is being considered.

XXIX. CONCLUSIONS

The EMBH theory has been here applied for the first time to fit the experimental data of GRB 991216. This
process has given us the opportunity to rethink the entire GRB process in an unitary description starting from the
moment of gravitational collapse all the way up to the latest phases of the afterglow. We have identified the three
fundamental actors of the GRB phenomenon in:

1. E4yq. Having reanalyzed in section III the physics of the dyadosphere we have pointed out in Fig. 17 that the
same value of Eqy, can be obtained from an entire family of (41, ) parameters (i.e. Egy, is degenerate in (u,§)).
‘We have then shown in the reexamination of all the GRB eras that all the results depend only on the value of
Egy, and not on the particular value of (i, &) (see sections VIILIX XIII,XIV). The only exception to this occurs
in the era I (see section VII) which is the only one relevant for short GRBs.

2. B. The crucial role played by the baryonic remnant of the progenitor star in determining the relative intensity
ratio and the time delay between the P-GRB and the E-APE has been summarized already in the two Figs. 11-11
in the introduction.

3. ISM. The density n;sy, of the interstellar medium and its inhomogeneities appears to have a fundamental role
in the intensity and the temporal substructures of the E-APE and the afterglow.

The observational data agree with the predictions of the model on:
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1. the intensity ratio, 1.58 x 1072, between the P-GRB and the E-APE, which strongly depends on the parameter
B.

)

2. the absolute intensities for both the P-GRB and the E-APE, respectively 7.54 x 10°! erg and 4.75 x 10%3;
3. the arrival time of the P-GRB and the peak of the E-APE, respectively 8.41 x 1072 s and 19.87 s;

4. the power-law index n of the afterglow, predicted nipe, = —1.6 and observed ngps = —1.616 + 0.067 (see
sections XVIII, XIX);

5. the temporal structure of the E-APE and its correlation with the inhomogeneity in the ISM;
6. the spectral distribution of the X-ray and 7-ray emission.

Concerning the total energy of GRB 991216, Egy, = 4.83 x 10°3 erg is found in the EMBH theory. This value is
systematically larger than the ones quoted in the current literature by Panaitescu & Kumar [111] and by Halpern et
al. [73] due to the fact that they respectively consider beaming angles of 3° — 4° and 6°. These considerations have
been shown to be untenable in section XIX. There is still a difference of ~ 28% between the total energy implied by
the EMBH theory (4.83 x 10%3 erg) and the value quoted by Halpern (Eg4,, = 6.7 x 105 erg) in the case of spherical
emission. We trust that this is a consequence of the underlying assumption of the spectral distribution of the radiation
assumed by Halpern et al. [73] (see e.g. Frail et al. [55]), which should be reassessed on the ground of our theoretical
results (see also Ruffini et al. [153]).

These results can certainly be considered the success of the EMBH theory.

Before closing, we like to stress how GRBs, if duly theoretically interpreted, can open a main avenue of inquiring on
totally new physical and astrophysical regimes. This program is very likely one of the greatest computational efforts
in physics and astrophysics and cannot be actuated using shortcuts.

From the point of view of fundamental physics new regimes are explored:

1. The process of energy extraction from black holes. It is interesting that the analysis of GRBs has promoted a
new effort in developing new theoretical tools for approaching the dynamical phase of collapse as expressed in
section. XXVII. These results have further clarified some basic issue related to the energy extraction process
from black hole (see e.g. Ruffini [139]). It was already known from the definition of the ergosphere (see Ruffini &
Wheeler [135]) that the rotational energy extraction process do occur in an extended region around the horizon
of a black hole. The fortunate situation that the energy extraction process in GRBs occurs in a condition of
almost perfect spherical symmetry have allowed us to focus on the second fundamental parameter of black holes,
namely the electric energy. The spherical symmetry has allowed as well to develop some powerful theoretical
tools (see section XXVII) which have allowed to reach a better understanding of the role of kinetic energy of
implosion in the process of gravitational collapse, in the storage of electromagnetic energy in the region around
black holes and to establish as well a new upper limit in the energy extraction process in the gravitational
collapse up to 50% of the initial rest mass of the system (see section XXVIII). These results are of general
validity and do transcend the work on the EMBH theory, although they are motivated by these researches.
Interestingly this work, by giving a new expression for the efficiency of transforming gravitational energy into
mechanical work (see section XX VIII), has opened up a new opportunity of debating the relation between general
relativity, thermodynamics and quantum theory, which is certainly one of the most profound and important
topic of research in the entire realm of fundamental physics.

2. The quantum and general relativistic effects of matter-antimatter creation near the black hole horizon. It is
well known that one of the most important topics pursued in the last seventy years in physics has been the
possibility, postulated by Sauter, Heisemberg, Euler, Schwinger to create matter-antimatter from the vacuum.
In order to have the first experimental and observational evidence for this phenomenon, three major approaches
are being followed:

a) In central collisions of heavy ions near the Coulomb barrier, as first proposed in Gerstein & Y. B. Zel’dovich [64,
65] (see also Popov & Rozhdestvenskaya [121], Popov [122], Zel’dovich & Popov [192]). Efforts in experimentally
implementing this idea at GSI were made since early 80’s. Despite some apparently encouraging result (Schweppe
et al. [171]), such efforts have failed so far due to the small contact time of the colliding ions (see e.g. Ahmad
et al. [2], Bér et al. [8], Ganz et al. [62], Heinz et al. [77], Leinberger et al. [88]). Typically the electromagnetic
energy involved in the collisions of heavy ions with impact parameter I; ~ 10~ 2cm is E; ~ 10 %erg.

b) At the focus of an X-ray free electron laser (XFEL) (see Ringwald [132], Roberts et al. [133] and references
therein). This idea will be possibly testable at DESY, where the XFEL is part of the design of the collider
TESLA, as well as at SLAC, where the so-called Linac Coherent Light Source (LCLS) has been proposed. The
electromagnetic energy at the focus of an XFEL is Ey ~ 10%rg concentrated in a region of linear extension
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lo ~ 1078 cm (Ringwald [132]).

¢) Around an electromagnetic black hole (EMBH) (Damour & Ruffini [33], Preparata et al. [123, 124]), giving
rise to the observed phenomenon of GRBs (see e.g. Ruffini et al. [144, 145, 146, 148]). The electromagnetic
energy of an EMBH of mass M ~ 10Mg and charge Q ~ 0.1M/+/G is E3 ~ 10%* ergs and it is deposited in a
region of linear extension I3 ~ 108 m (Preparata et al. [124], Ruffini & Vitagliano [156]).

There is the very distinct possibility that in this race the success will be reached by the observations in relativistic
astrophysics more than from the high energy experiments on the Earth. This will be certainly a splendid success
which will be only second to the discovery of Helium first in the stars and then on the Earth! Quite apart from
the discovery in itself, the detection of vacuum polarization in the astrophysical settings presents distinctively
new physical phenomena as Ruffini et al. [160]. The very important topic to be covered in the forthcoming
months is the study of the dynamical phase of gravitational collapse and to follow the effects of such process of
vacuum polarization in the dynamical phase. It will be also important to follow the development of this process
all the way to the emission of the P-GRB (Ruffini & Vitagliano [158]).

3. The physics of ultrarelativisitc shock waves with Lorentz gamma factor v > 100. We are expecting much
progress in this topic from the understanding of the instantaneous spectrum of GRBs. Some preliminary results
along this line are presented in Ruffini et al. [150]. See also section XXIV.

From the point of view of astronomy and astrophysics also new regimes are explored:

1. The occurrence of gravitational collapse to a black hole from a critical mass core of mass M 2 10M, which
clearly differs from the values of the critical mass encountered in the study of stars “catalyzed at the endpoint
of thermonuclear evolution” (white dwarfs and neutron stars).

2. The extremely high efficiency of the spherical collapse to a black hole, where almost 99.99% of the core mass
collapses leaving negligible remnant. The EMBH theory offers an unprecedented tool in order to map with great
accuracy all the matter distribution around the newly formed EMBH from the horizon all the way to the ISM.
This concept was pioneered by Dermer & Mitman [42] who proposed to use GRB sources as “tomographic images
of the density distributions of the medium surrounding the sources of GRBs”. It is important to emphasize
that the very precise reading of the matter distribution encoded in the data of the P-GRB, the E-APE and the
afterglow in GRB 991216 is in marked disagreement with the matter distribution postulated by the “collapsar”
scenario (see MacFadyen & Woosley [90], Paczyniski [110], Woosley [190]). This conclusion is evidenced not only
by the absence of beaming already mentioned above, but also for the paucity of the baryonic matter encountered
by the PEM pulse in its way out from the EMBH. There is no evidence for the presence either of a baryonic
disk component nor of a conspicuous baryonic remnant. We actually have B = 3.0 x 1073, Unlike the case of
formation of a neutron star, the mass of the remnant of the progenitor star is very small indeed. This mass,
determined by B, is very accurately inferable from the relative intensity and temporal distance between the
P-GRB and the E-APE (see above). In the present case we have Mp ~ 8.1 x 107*M,. The presence of the
remnant is also important for guaranteeing the overall charge neutrality of the system formed by the oppositely
charged collapsing core and the remnant. It has been pointed out in section XXVI that this condition of charge
separation between the collapsing core and the remnant occurs only during the relevant part of the gravitational
collapse process which, we recall, for a 10M, is of the order of 30 seconds.

3. The necessity of developing a fine tuning in the final phases of thermonuclear evolution of the stars, both for
the star collapsing to the black hole and the surrounding ones, in order to explain the possible occurrence of
the “induced gravitational collapse”.

New regimes are as well encountered from the point of view of nature of GRBs:

1. The basic structure of GRBs is uniquely composed by a proper-GRB (P-GRB) and the afterglow. The most
general GRB contains three different components: the P-GRB, the E-APE and the rest of the afterglow. The
ratio between the P-GRB and the E-APE intensity and their temporal separation is a function of the B parameter
(see Figs. 11-11). The best fit is obtained for B = 3.0 x 1073 (see section XV). We recall that in the present
case for B < 2.5 x 1075 the energy of the P-GRB would be larger than the one of the E-APE and the energy of
the dyadosphere would be mainly emitted in what have been called the “short bursts”, while for B > 2.5 x 107°
the energy of the E-APE would predominate and the energy of the dyadosphere would be mainly carried by the
ABM pulse and emitted in the afterglow.

2. The long bursts are then simply explained as the peak of the afterglow (the E-APE) and their observed time
variability is explained in terms of inhomogeneities in the interstellar medium (ISM). The difficulties encountered
by all theoretical models, through the years, in order to explain the so called “long bursts” are resolved in a
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drastic way (see section XVI). The so called “long bursts” are not bursts at all. They represent just the E-APE
which was interpreted as a burst only due to the noise threshold in the BATSE observations (see Fig. 10). The
E-APE is emitted at distances from the EMBH in the range 1.0 x 106 ~ 1.0 x 10'7 cm, see Tab. I, namely well
outside the size of the progenitor star and already deep in interstellar space. The fact that the crossing of such
distance, which is a typical dimension of an interstellar cloud, appears to occur in arrival time in only ~ 100
seconds is perfectly explained by the relativistic transformations encoded in the RSTT paradigm corresponding
to a gamma factor between 100 and 300 (see section V and Tab. I). This effect would be interpreted within
a classical and incorrect astronomical picture by a “superluminal” behaviour propagating at ~ 3.6 x 10%c (see
Tab. I).

3. The short bursts are identified with the P-GRBs and the crucial information on general relativistic and vacuum
polarization effects are encoded in their spectra and intensity time variability. In the limit B — 0 the entire
dyadosphere energy is emitted in the P-GRB. These events represents the “short bursts” class, for which
the afterglow intensity is smaller than the P-GRB emission and below the actual observational limits (see
section XII). It is interesting that the proposed differentiation between the “short bursts” and “long bursts”
within the EMBH theory is merely due to the amount of baryonic matter in the remnant, described by the
B parameter, and totally independent from the process of gravitational collapse which is clearly identical in
both cases. This explains at once the recently found conclusion that the distribution of short and long GRBs
have essentially the same characteristic peak luminosity (Schmidt [170]). Also the result expressed in Fig. 6
that the average temperature corresponding to the P-GRB emission does increase for decreasing values of the
B parameter can explain the observed fact that the “short bursts”, which are obtained in the limit B — 0, are
systematically harder than “long bursts” (Kouveliotou et al. [84]).

A new class of space missions to acquire information on such extreme new regimes are urgently needed. The
detailed observations of the yet unexplored region in the range up to 10 seconds in Fig. 29 and the corresponding
observations of the “short bursts” by a new class of space missions with higher sensitivity than the BATSE instrument
appear to be of great importance. Such observations should allow to directly observe for the first time the general
relativistic and extreme quantum field theory effects connected to the process of formation of the EMBH. It can be
of some interest to explore the possibility of observing in these regimes the “gravitationally induced electromagnetic
radiation” (Johnston et al. [81]) and the “electromagnetically induced gravitational radiation” (Johnston et al. [82])
phenomena as well as to explore the possibility of developing neutrino detectors. This will need further developments
of the predictions of the EMBH theory in these general relativistic and ultra-high-energy particle phenomena.
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Abstract. This is a summary of the two talks presented at the Rome
GRB meeting by C.L. Bianco and R. Ruffini. It is shown that by respect-
ing the Relative Space-Time Transformation (RSTT) paradigm and the
Interpretation of the Burst Structure (IBS) paradigm, important infer-
ences are possible: a) in the new physics occurring in the energy sources
of GRBs, b) on the structure of the bursts and c) on the composition of
the interstellar matter surrounding the source.

The understanding of new astrophysical phenomena is reached as soon as its
energy source has been identified. This has been the case for pulsars (see Hewish
et al., 1968) where the rotational energy of the neutron star was identified as
the energy source (see e.g. Gold, 1968, 1969). Similarly, in binary X-ray sources
the accretion process from a normal companion star in the deep potential well
of a neutron star or a black hole has clearly pointed to the gravitational energy
of the accreting matter as the basic energy source and consequently all the
main features of the light curves of the sources have been clearly understood
(Giacconi & Ruffini, 1978). In this spirit, our work in the field of Gamma-Ray
Bursts (GRBs) has focused on identifing the energy extraction process from the
black hole (Christodoulou & Ruffini, 1971) as the basic energy source for the
GRB phenomenon. The distinguishing feature of this approach is a theoretically
predicted source energetics all the way up to 1.8 x 10%* (Mpy /M) ergs for
3.2My < Mpy < 7.2 x 106My (Damour & Ruffini, 1975). In particular, the
formation of a “dyadosphere”, during the gravitational collapse leading to a
black hole endowed with electromagnetic structure (EMBH) has been indicated
as the initial boundary conditions of the GRB process (Ruffini, 1998; Preparata
et al., 1998). Our model has been referred as “the EMBH model for GRBs”,
although the EMBH physics only determines the initial boundary conditions of
the GRB process by specifying the physical parameters and spatial extension of
the neutral electron positron plasma originating the phenomenon.

Traditionally, following the observations of the Vela (Strong, 1975) and
CGRO" satellites, GRBs have been characterized by few parameters such as the
fluence, the characteristic duration (Tyg or T59) and the global time averaged

!see http://cossc.gsfc.nasa.gov/batse/
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spectral distribution (Band et al., 1993). With the observations of BeppoSAX?
and the discovery of the afterglow, and the consequent optical identification,
the distance of the GRB source has been determined and consequently the total
energetics of the source has been added as a crucial parameter.

The observed energetics of GRBs computed for spherically symmetric ex-
plosions do coincide with the ones theoretically predicted in Damour & Ruffini
(1975). This fact has convinced us of the necessity to develop in full details
the EMBH model. For simplicity, we have considered the vacuum polarization
process occurring in an already formed Riessner-Nordstréom black hole (Ruffini,
1998; Preparata et al., 1998), whose dyadosphere has an energy Egy,. It is clear,
however, that this is only an approximation to the real dynamical description
of the process of gravitational collapse to an EMBH. In order to prepare the
background for attacking this extremely complex dynamical process, we have
clarified some basic theoretical issues, necessary to implement the description of
the fully dynamical process of gravitational collapse to an EMBH (see Ruffini &
Vitagliano, 2002, 2003; Cherubini et al., 2002). We have then given the constitu-
tive equations for the five eras in our model. The Era I: the eTe™ pairs plasma,
initially at v = 1, self propels itself away from the dyadosphere as a sharp pulse
(the PEM pulse), reaching Lorentz gamma factor of the order of 100 (Ruffini et
al., 1999). The Era II. the PEM pulse, still optically thick, engulfs the remnant
left over in the process of gravitational collapse of the progenitor star with a
drastic reduction of the gamma factor; the mass Mp of this engulfed baryonic
material is expressed by the dimensionless parameter B = Mpc?/ Eqye (Ruffini et
al., 2000). The Era III. the newly formed pair-electromagnetic-baryonic (PEMB)
pulse, composed of eTe™ pair and of the electrons and baryons of the engulfed
material, self-propels itself outward reaching in some sources Lorentz gamma
factors of 103-10%; this era stops when the transparency condition is reached
and the emission of the proper-GRB (P-GRB) occurs (Bianco et al., 2001). The
Era IV: the resulting accelerated baryonic matter (ABM) pulse, ballistically
expanding after the transparency condition has been reached, collides at ultra-
relativistic velocities with the baryons and electrons of the interstellar matter
(ISM) which is assumed to have a average constant number density, giving ori-
gin to the afterglow. The Era V: this era represents the transition from the
ultrarelativistic regime to the relativistic and then to the non relativistic ones
(Ruffini et al., 2003a).

Our approach differs in many respect from the ones in the current literature.
The major difference consists in the appropriate theoretical description of all the
above five eras, as well as in the evaluation of the process of vacuum polarization
originating the dyadosphere. The dynamical equations as well as the description
of the phenomenon in the laboratory time and the time sequence carried by light
signals recorded at the detector have been explicitly integrated (see e.g. Ruffini
et al., 2003a, 2003b). In doing so we have also corrected a basic conceptual
inadequacy, common to all the current works on GRBs, which led to an improper
spacetime parametrization of the GRB phenomenon, preempting all these works
from their predictive power: the relation between the photon arrival time at
the detector and their emission time in the laboratory frame, expressed in our

2see http://www.asdc.asi.it /bepposax/
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approach by an integral of a function of the Lorentz gamma factor extended
over all the past source worldlines, has been in the current literature expressed
as a function of an instantaneous value of the Lorentz gamma factor. This two
approaches are conceptually very different and lead to significant qualtitative
differences (Ruffini et al., 2003a, 2003b). The description of the inner engine
originating the GRBs described has never been addressed in the necessary details
in the literature. Only the treatment of the afterglow has been widely considered
in the literature by the so-called “fireball model” (see e.g. Mészaros & Rees,
1992, 1993; Rees & Mészdros, 1994; Piran, 1999 and references therein).

However, also in the description of the afterglow, there are major differences
between the works in the literature and our approach:

a) Processes of synchrotron radiation and inverse Compton as well as an adi-
abatic expansion in the source generating the afterglow are usually adopted in
the current literature. On the contrary, in our approach: 1) a “fully radiative”
condition is systematically adopted in the description of the X-ray and ~-ray
emission of the afterglow; 2) the basic microphysical emission process is traced
back to the physics of shock waves as considered by Zel’dovich & Rayzer (1966);
and 3) a special attention is given to identify such processes in the comoving
frame of the shock front generating the observed spectra of the afterglow (see
Ruffini et al., 2003c).

b) In the current literature the variation of the gamma Lorentz factor during
the afterglow is expressed by a unique power-law of the radial co-ordinate of
the source and a similar power-law relation is assumed also between the radial
coordinate of the source and the asymptotic observer frame time. Such simple
approximations appear to be quite inadequate and do contrast with the almost
hundred pages summarizing the needed computations which we have recently
presented in four long articles (Ruffini et al., 2002a, 2003a, 2003b, 2003d). In our
approach the dynamical equations of the source are integrated self-consistently
with the constitutive equations relating the observer frame time to the labora-
tory time and the boundary conditions are adopted and uniquely determined
by each previous era of the GRB source (see e.g. Ruffini et al., 2002b, 2003a,
2003b, 2003c).

c) At variance with the many power-laws for the observed afterglow flux found
in the literature, our treatment naturally leads to a “golden value” for the bolo-
metric luminosity power-law index n = —1.6.

The fit of the EMBH model to the observed afterglow data fixes the only
two free parameters of our theory: the K4, and the B parameter, measuring
the remnant mass left over by the gravitational collapse of the progenitor star
(Ruffini et al., 2002b, 2003a, 2003b, 2003c).

It is not surprising that such large differences in the theoretical treatment
have led to a different interpretation of the GRB phenomenon as well as to the
identification of new fundamental physical regimes. The introduction of new
interpretative paradigms has been necessary and the theory has been confirmed
by the observation to extremely high accuracy.

In particular from the definition of the complete space-time coordinates of
the GRB phenomenon as a function of the radial coordinate, the comoving time,
the laboratory time, the arrival time and the arrival time at the detector, ex-
pressed in Tab. 1 of Ruffini et al. (2002a, 2003a, 2003d), it has been concluded
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that in no way a description of a given era is possible in the GRB phenomena
without the knowledge of the previous ones. Therefore the afterglow as such
cannot be interpreted unless all the previous eras have been correctly computed
and estimated. It has also become clear that a great accuracy in the analysis of
each era is necessary in order to identify the theoretically predicted features with
the observed ones. If this is done, the GRB phenomena presents an extraordi-
nary precise correspondence between the theoretically predicted features and the
observations leading to the exploration of totally new physical and astrophysical
process with unprecedented accuracy. This has been expressed in the relative
space-time transformation (RSTT) paradigm: “the necessary condition in order
to interpret the GRB data, given in terms of the arrival time at the detector,
is the knowledge of the entire worldline of the source from the gravitational
collapse. In order to meet this condition, given a proper theoretical description
and the correct constitutive equations, it is sufficient to know the energy of the
dyadosphere and the mass of the remnant of the progenitor star” (Ruffini et al.,
2001a).

Having determined the two independent parameters of the EMBH model,
namely Eg,, and B, by the fit of the afterglow we have introduced a new
paradigm for the Interpretation of the Burst Structure: the IBS paradigm
(Ruffini et al., 2001b). In it we reconsider the relative roles of the afterglow
and the burst in the GRBs by defining in this complex phenomenon two new
phases:

1) the injector phase starting with the process of gravitational collapse, encom-
passing the above Eras I, II, IIT and ending with the emission of the Proper-GRB
(P-GRB);

2) the beam-target phase encompassing the above Eras IV and V giving rise to
the afterglow. In particular in the afterglow three different regimes are present
for the average bolometric intensity : one increasing with arrival time, a sec-
ond one with an Extended Afterglow Peak Emission (E-APE) and finally one
decreasing as a function of the arrival time. Only this last one appears to have
been considered in the current literature (Ruffini et al., 2001b).

We have applied the EMBH model to GRB 991216 as a prototype. We
think that this source will play for GRBs a role similar to the one of NP0532 (the
Crab pulsar) in the understanding of the pulsar phenomenon. The GRB 991216
presents clearly the three fundamental aspects: the P-GRB, the E-APE and the
late phases of the afterglow (Ruffini et al., 2001a,b). What makes this system so
unique are the outstanding data obtained by BATSE in the P-GRB and in the
E-APE and concurrently the very high quality ones on the afterglow obtained by
R-XTE and Chandra. It is the simultaneous occurrence of these three features
which makes this source so attractive and becoming the prototype for GRBs. We
have computed the intensity ratio of the afterglow to the P-GRB (1.45 - 1072),
and the arrival time of the P-GRB (8.413-1072s) as well as the arrival time of the
peak of the afterglow (19.87s) (see Fig. 1 and Ruffini et al., 2001b, 2002a, 2003a,
2003d). The fact that the theoretically predicted intensities coincide within a
few percent with the observed ones and that the arrival time of the P-GRB and
the peak of the afterglow also do coincide within a tenth of millisecond with the
observed one can be certainly considered a clear success of the predictive power
of the EMBH model.
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Figure 1. The EMBH theory applied to GRB 991216 (left) and
GRB 980425 (right). Note the structure of the P-GRB and the E-
APE with respect to the BATSE noise threshold.

As a by-product of this successful analysis, we have reached the following
conclusions:

a) The most general GRB is composed by a P-GRB, an E-APE and the rest
of the afterglow. The ratio between the P-GRB and the E-APE intensities is a
function of the B parameter.

b) In the limit B=0 all the energy is emitted in the P-GRB. These events
represent the “short burst” class, for which no afterglows has been observed.
c) The “long bursts” do not exist, they are just part of the afterglow, the E-
APEs.

Our model has been also applied to GRB 980425 showing not only the
agreement with the observed luminosity but also, in particular, that in both
sources there is not significant departure from spherical symmetry (see Fig. 1).

While the aboce analysis of the average bolometric luminosity of GRB was
performed in the radial approximation, we have also developed the full non-
radial approximation, taking into account all the relativistic corrections for the
off-axis emission from the spherically symmetric expansion of the ABM pulse
(Ruffini et al., 2002b, 2003b). We have so defined the temporal evolution of the
ABM pulse visible area, as well as the equitemporal surfaces (see Fig. 2 and
Ruffini et al., 2002b, 2003b).

Having satisfactorily identified the average intensity distribution of the af-
terglow and the relative position of the P-GRB, in Ruffini et al. (2001c) we have
addressed the issue whether the fast temporal variation observed in the so-called
long bursts, on time scales as short as fraction of a second (see e.g. Fishman &
Meegan, 1995), can indeed be explained as an effect of inhomogeneities in the
interstellar medium. Such a possibility was pioneered in the work by Dermer &
Mitman (1999), purporting that such a time variability corresponds to a tomo-
graphic analysis of the ISM. In order to probe the validity of such an explanation,
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Figure 2. The temporal evolution of the visible area of the ABM
pulse external surface (left) and the equitemporal surfaces for selected
values of the detector arrival time encompassing the E-APE (right)
for the case of GRB 991216. Details in Ruffini et al. (2002b, 2003b,
2003d).

we have first considered the simplified case of the radial approximation (Ruffini
et al., 2001c). The aim has been to explain the observed fluctuation in intensity
on a fraction of a second as originated from inhomogeneities in ISM, typically
of the order of 10" due to apparent “superluminal” behavior of roughly 10°c.
These “superluminal” effects can be derived consistently from the dynamics of
the source. After this successful attempt, we have proceeded to the non-radial
approximation, taking into account all the relativistic corrections for the off-axis
emission from the spherically symmetric expansion of the ABM pulse (Ruffini
et al. 2002b, 2003b). We have so defined the temporal evolution of the ABM
pulse visible area, as well as the equitemporal surfaces (EQTS, Ruffini et al.
2002b, 2003b). We have then described the inhomogeneities of the ISM by an
appropriate density profile (mask) of an ISM cloud. Of course at this stage,
for simplicity, only the case of spherically symmetric “spikes” with over-density
separated by low-energy regions, has been considered. Each spike has been as-
sumed to have the spatial extension of 10°cm. The cloud average density is
< Njgm >= lparticle/cm3. The corresponding analysis for GRB 980425 has
been presented in Ruffini (2003e).

We can distinguish two different regimes corresponding respectively to v >
150 and to v < 150. In the E-APE region (y > 150) the GRB substructure
intensities indeed correlate with the ISM inhomogeneities. In this limited region
(see peaks A, B, C) the Lorentz gamma factor of the ABM pulse ranges from
v ~ 304 to v ~ 200. The boundary of the visible region is smaller than the
thickness AR of the inhomogeneities (see Figs. 2,3 and Ruffini et al., 2002b,
2003b). Under these conditions the adopted spherical symmetry for the density
spikes is not only mathematically simpler but also fully justified. The angular
spreading is not strong enough to wipe out the signal from the inhomogeneity
spike. The observational results reproduced in Fig. 3 present a remarkably
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Figure 3.  Details of the fit of the E-APE structure of GRB 991216
in the EMBH theory. Details in Ruffini et al. (2002b, 2003b, 2003d)

improved fit, both in intensity, time scale and general morfology, with respect
to the one considered in Ruffini et al. (2001c).

Finally we then conclude:
a) the informations carried by the afterglow, including the E-APE, are relevant
for determining the structure of the ISM (Dermer’s tomography);
b) the main general relativistic effects are contained in the P-GRB. A new family
of space missions are therefore urgently needed;
c) for the first time we are witnessing the energy extraction from black holes.
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ABSTRACT

2 Jun 2003

~ The EMBH model, previously developed using GRB 991216 as a prototype, is here applied to GRB 980425.
We fit the luminosity observed in the 40-700 keV, 2-26 keV and 2-10 keV bands by the BeppoSAX satellite.
In addition we present a novel scenario in which the supernova SN1998bw is the outcome of an “induced
O gravitational collapse” triggered by GRB 980425, in agreement with the GRB-Supernova Time Sequence
(GSTS) paradigm (Ruffini et al. 2001c). A further outcome of this astrophysically exceptional sequence
Q\l of events is the formation of a young neutron star generated by the SN1998bw event. A coordinated
observational activity is recommended to further enlighten the underlying scenario of this most unique
) astrophysical system.

4

INTRODUCTION

The aim of this talk is to present the application of the EMBH theory, previously successfully applied to
GRB 991216 used as a prototype, to the case of GRB 980425 (Pian et al., 2000) and SN1998bw (Galama et
.= al., 1998). This is a particularly important test for the validity of the EMBH theory over a range of energies
2 of 6 orders of magnitude: as we will see, both sources appear to be spherically symmetric and the respective

total energies are Ej ~ 5 x 10 ergs and Ej,; ~ 10*® ergs. We recall that the EMBH theory (see Ruffini
E et al., 2003b) depends only on three parameters, the energy of the dyadosphere Egy,, the B parameter
and the factor R describing the interstellar medium (ISM) porosity. The theory, therefore, explains all the
observed features of the bolometric intensity variations of the afterglow as well as the spectral properties
of the source and, in the specific case of GRB 980425, it also allows to clarify the general astrophysical
scenario in which the GRB actually occurs. In this system, in fact, we propose that GRB 980425 has
been the trigger of a phenomenon of “induced gravitational collapse” (Ruffini et al., 2001c) originating the
supernova explosion and we also witness the birth of a young neutron star out of the supernova event.
This extraordinary coincidence of these three astrophysical events represents an unprecedented scenario of
fundamental importance in the field of relativistic astrophysics. Using the EMBH theory we shall explore: a)
the process of black hole formation in the event GRB 980425 (Pian et al., 2000), b) the concept of “induced
gravitational collapse”, introduced in the GRB-Supernova Time Sequence (GSTS) paradigm (Ruffini et al.,
2001c), and its link to a very special supernova type in SN1998bw (Galama et al., 1998), and finally c) the
observation for the first time of the cooling of a hot newly formed neutron star.

The observational situation of this system is quite complex. In addition to the source GRB 980425
and the supernova SN1998bw, two X-ray sources have been found by BeppoSAX in the error box for the
location of GRB 980425: a source SI and a source S2 (Pian et al., 2000). Since the nature of the two
sources S1 and S2 was not clear, a variety of slopes in the decaying part of the afterglow have been proposed
(see Fig. 1). Kulkarni et al. (1998) have proposed to explain both the supernova SN1998bw and the
GRB 980425 observations by a new class of GRBs, distinctly different from the cosmological ones, both
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originated by a single unusual supernova event. Similarly, Iwamoto et al. (1998) have tried to explain both
the supernova event and the GRB with a new kind of supernova with an extremely large explosion energy,
larger than 1052 ergs, which they identify with the “hypernovae” predicted by Paczynski (1998). In this
approach a totally novel concept is introduced: the supernova itself is assumed to originate in the process
of gravitational collapse to a black hole of a massive progenitor star (~ 40Mg) with a particularly large
angular momentum and strong magnetic field. A large rotational energy of the black hole extracted with a
strong magnetic field is called in, by these authors, to explain the successful explosion of this “hypernova”
leading both to the GRB and the supernova.

Our approach is drastically different. We first interpret the GRB 980425 within the EMBH theory.
This allows the computation of the luminosity, spectra, Lorentz gamma factors, and more generally all
the dynamical aspects of the source. Having characterized the features of GRB 980425, we can gradually
approach the remaining part of the scenario, disentangling the GRB observations from the supernova ones
and from the sources S1 and S2. This leads to a natural time sequence of events and to their autonomous
astrophysical characterization.

THE ENERGETICS, DYNAMICAL PARAMETERS AND SPACE-TIME PARAMETRIZA-
TION OF GRB 980425

Our approach has focused on identifying the energy extraction process from the black hole (Christodoulou
& Ruffini, 1971) as the basic energy source for the GRB phenomenon. The distinguishing feature is a
theoretically predicted source energetics all the way up to 1.8 x 104 (Mpg /M) ergs for 3.2Ms < Mpy <
7.2 x 106My (Damour & Ruffini, 1975). In particular, the formation of a “dyadosphere”, during the
gravitational collapse leading to a black hole endowed with electromagnetic structure (EMBH) has been
indicated as the initial boundary conditions of the GRB process (Ruffini, 1998; Preparata et al., 1998). Our
model has been referred as “the EMBH model”, although the EMBH physics only determines the initial
boundary conditions of the GRB process by specifying the physical parameters and spatial extension of the
neutral electron positron plasma originating the phenomenon created in the dyadosphere. The creation of
this plasma is due to the vacuum polarization process occurring in a supercritical field by the Heisenberg-
Euler-Schwinger process (see Heisenberg & Euler, 1935; Schwinger, 1951; Damour & Ruffini, 1975; Preparata
et al., 1998).

Traditionally, following the observations of the Vela (Strong, 1975) and CGRO" satellites, GRBs have
been characterized by few parameters such as the fluence, the characteristic duration (Tyg or T5p) and the
global time averaged spectral distribution (Band et al., 1993). With the observations of BeppoSAX? and
the discovery of the afterglow, and the consequent optical identification, the distance of the GRB source has
been determined and consequently the total energetics of the source has been added as a crucial parameter.

The observed energetics of GRBs, computed for spherically symmetric explosions, do coincide with the
ones theoretically predicted in Damour & Ruffini (1975). This has been the major reason which has moti-
vated us to reconsider and develop in full details the EMBH model. For simplicity, we have considered the
vacuum polarization process occurring in an already formed Reissner-Nordstrom black hole (Ruffini, 1998;
Preparata et al., 1998), whose dyadosphere has an energy FEgyq. It is clear, however, that this is only an
approximation to the real dynamical description of the process of gravitational collapse to an EMBH. In
order to prepare the background for attacking this extremely complex dynamical process, we have clari-
fied some basic theoretical issues, necessary to implement the description of the fully dynamical process of
gravitational collapse to an EMBH (see Ruffini & Vitagliano, 2002,2003; Cherubini et al., 2002).

We have then given the constitutive equations for the five eras in the EMBH model (see for details Ruffini
et al., 2003a and references therein). The Era I the ete™ pairs plasma, initially at v = 1, self propels itself
away from the dyadosphere as a sharp pulse (the PEM pulse), reaching Lorentz gamma factor of the order
of 100 (Ruffini et al., 1999). The Era II. the PEM pulse, still optically thick, engulfs the remnant left over in
the process of gravitational collapse of the progenitor star with a drastic reduction of the gamma factor; the
mass Mp of this engulfed baryonic material is expressed by the dimensionless parameter B = Mpc?/ Eiya
(Ruffini et al., 2000). The Era III: the newly formed pair-electromagnetic-baryonic (PEMB) pulse, composed

Isee http://cossc.gsfc.nasa.gov/batse/
%see http://www.asdc.asi.it/bepposax/
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Fig. 1. The BeppoSAX MECS light curves in the 2-10 keV band of the X-ray sources S1 and S2 from Pian et al.
(2000) detected in the GRB 980425 fields are shown. The WFC early measurement and 3o upper limits in the
same band are also shown. The dotted lines represent the power laws of indexes ~ 1.4 and ~ 1.6 connecting the
last WFC measurement and the first and last of the first 5 MECS points of S2 which are in this picture replaced
by the first point that has been obtained by integrating and averaging the flux in shorter time interval, as in Pian
et al. (2000). In the vertical axis is reported (left) the luminosity of the source and (right) the observed flux as
a function of the arrival time at the detector in seconds (bottom) and in years (top).
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of ete™ pair and of the electrons and baryons of the engulfed material, self-propels itself outward reaching in
some sources Lorentz gamma factors of 103-10%; this era stops when the transparency condition is reached
and the emission of the proper-GRB (P-GRB) occurs (Bianco et al., 2001). The Era IV: the resulting
accelerated baryonic matter (ABM) pulse, ballistically expanding after the transparency condition has been
reached, collides at ultrarelativistic velocities with the baryons and electrons of the interstellar matter (ISM)
which is assumed to have a average constant number density, giving origin to the afterglow. The Era V:
this era represents the transition from the ultrarelativistic regime to the relativistic and then to the non
relativistic ones (see Ruffini et al., 2003a,2003b and references therein).

The EMBH model differs in many respects from the models in the current literature. The major difference
consists in the following points:

a) The appropriate theoretical description of all the above mentioned five eras is implemented, as well as
the evaluation of the process of vacuum polarization originating the dyadosphere. The description of the
inner engine originating the GRBs has never been addressed in the necessary details in the literature;

b) The dynamical equations as well as the description of the phenomenon in the laboratory time and the time
sequence carried by light signals recorded at the detector have been explicitly integrated (see e.g. Ruffini
et al., 2003a, 2003b). In doing so we have also corrected a basic conceptual inadequacy, common to all
the current works on GRBs, which led to an improper spacetime parametrization of the GRB phenomenon,
preempting all these works from their predictive power: the relation between the photon arrival time at
the detector and their emission time in the laboratory frame, expressed in our approach by an integral
of a function of the Lorentz gamma factor extended over all the past source worldlines, has been in the
current literature expressed as a function of an instantaneous value of the Lorentz gamma factor. These
two approaches are conceptually very different and lead to significant qualitative differences (Ruffini et al.,
2003a, 2003b and references therein).

c) The treatment of the afterglow has been widely considered in the literature by the so-called “fireball
model” (see e.g. Mészdros & Rees, 1992, 1993; Rees & Mészaros, 1994; Piran, 1999 and references therein).
However, also in the description of the afterglow, there are major differences between the works in the
literature and our approach (Ruffini et al., 2003b).

The equations of motion in our model depend only on two free parameters: the total energy Fyy, which
coincides with the dyadosphere energy FEgyq, and the amount Mp of baryonic matter left over from the
gravitational collapse of the progenitor star, which is determined by the dimensionless parameter B =
MBCZ/Edy,,. The best fit of GRB 980425 is reproduced in Tab. 1. It correspond to Egy, = 1.1 x 10%8 ergs,
B = 7x107? and the ISM average density is found to be (n;s,) = 0.02particle/cm®. The plasma temperature
and the total number of pairs in the dyadosphere are respectively 7' = 1.028 MeV and N,+ = 5.3274 x 1053,

THE GRB 980425 LUMINOSITY IN SELECTED ENERGY BANDS PREDICTED BY THE
EMBH MODEL

Recently, within the EMBH model, we have developed an attempt to theoretically derive the GRB spectra
out of first principles as well as the GRB luminosity in fixed energy bands (Ruffini et al. 2003c). We have
adopted three basic assumptions: a) the resulting radiation as viewed in the comoving frame during the
afterglow phase has a thermal spectrum and b) the ISM swept up by the front of the shock wave, with a
Lorentz gamma factor between 300 and 2, is responsible for this thermal emission. ¢) We also adopt, like
in our previous papers (Ruffini et al., 2001a,2001b,2002,2003b), that the expansion occurs with spherical
symmetry. This three assumptions are different from the ones adopted in the GRB literature, in which the
afterglow emission is believed to originate from synchrotron emission in the production of a shock or reverse
shock generated when the assumed jet-like ejecta encounter the external medium (see e.g. Giblin et al.,
2002 and references therein).

In the EMBH model the structure of the shock is determined by mass, momentum and energy conservation:
the constancy of the specific enthalpy, which is a standard condition in shock rest frames (Zel’dovich &
Rayzer, 1966) and have been used in our derivation (Ruffini et al., 2003b). The only free parameter of our
model is the size of the “effective emitting area” in the shock wave front: A.f;. Since the determination
of this free parameter is performed here by empirically fitting the observational data, we avoid ambiguities
due to the absence of relevant theoretical and laboratory results on relativistic shocks for Lorentz factor
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Table 1. Gamma factor for selected events and their space-time coordinates: r is the radial coordinate in the
laboratory frame, ¢ is the laboratory time and tg is the photon arrival time at the detector. The points 1,2,3,4
mark the beginning of first four “eras” (see Ruffini et al., 2003a,2003b) until the transparency point (point 4).
The points A, B,C correspond to three events respectively before, during and after the peak of the E-APE.
The points D, E, F,G,H,1,J are taken in the decaying part of the afterglow. The last column shows how the
apparent motion in the radial coordinate, evaluated in the arrival time at the detector, leads to an enormous
apparent “superluminal” behaviour. This illustrates the impossibility of using such a classical estimate in regimes
of high gamma Lorentz factor.

Point | r(cm) t(s) td(s) o “Superluminal” v = 3
1 8.79 x 10° | 2.60 x 107° | 2.03 x 10~° | 1.027 14c ‘
2 2.80 x 108 | 9.56 x 1073 | 2.13 x 10~% | 28.423 | 47¢c

3 3.45 x 10% | 1.14 x 1072 | 2.19 x 10~* | 8.647 53¢

4 4.31 x 10 | 14.4 7.65 x 107* | 138.863 | 1.9 x 10%¢

A 4.01 x 10'5 | 1.34 x 10° | 3.65 129.819 | 3.7 x 10%¢

B 6.00 x 105 | 2.00 x 10° | 5.87 115.309 | 3.4 x 10%¢

C 6.50 x 1015 | 2.17 x 10° | 6.98 84.704 | 3.1 x 10%¢

D 1.02 x 1010 | 3.40 x 10° | 19.2 53.982 | 1.8 x 10%¢

E 1.07 x 100 | 3.57 x 10> | 98.5 6.510 3.6 x 103¢

F 1.12 x 106 | 3.74 x 10° | 3.00 x 102 | 6.469 1.2 x 103¢

G 1.17 x 10 | 3.90 x 10° | 5.00 x 10> | 6.426 7.8 x 102¢

H 1.29 x 106 | 4.30 x 10° | 1.00 x 10® | 6.309 4.3 x 10%¢

I 2.67 x 1016 | 8.99 x 10° | 1.00 x 10* | 4.101 89¢

J 4.31 x 10%6 | 1.49 x 10 | 5.00 x 10* | 2.097 29¢

~ ~ 300.
The temperature 1" of the black body in the comoving frame is then
1/4
T = (&) / , (1)
167r2yAtoR
where 4
_ Aeyy
R = . (2)

is the ratio between the “effective emitting area” and the ABM pulse surface Agpp,, 0 is the Stefan-Boltzmann
constant and A FEj,y is the proper internal energy developed in the collision between the ABM pulse and the
ISM (see Ruffini et al., 2003b,2003c). The ratio R, which is a priori a function that varies as the system
evolves, is evaluated at every given value of the laboratory time ¢.

All the subsequent steps are now uniquely determined by the equations of motion of the system. The
basic tool in this calculation involves the definition of the EQuiTemporal Surfaces (EQTS) for the relativistic
expanding ABM pulse as seen by an asymptotic observer. The key to determining such EQTS (see Fig. 1 in
Ruffini et al., 2002) is the relation between the time ¢ in the laboratory frame at which a photon is emitted
from the ABM pulse external surface and the arrival time ¢¢ at which it reaches the detector. We have
instead adopted the equations (see Ruffini et al., 2002,2003b):

(¢ Lo () dt + 7
7(_>00519+7"_o> —(142) (t_mmﬁy_o)
C C C C

=(1+2) (tcosﬁ/otﬂlWg;mdt'+r?o(1C0519)>7 3)

333

tg:(l—l—z)(t—



Detector arrival time (ta“) (years) Detector arrival time (ta“) (years) Detector arrival time (ta") (years)
5107 10% 10° 10* 10° 10° 5107 10% 10° 10* 10° 10° 5107 10° 10° 10" 10% 10°
10% T T T T — 10 10% T T T T ™ 10 10% T T T T 10
EMBH curve 40-700 keV/ EMBH curve 2-26 keV EMBH curve 2-10 keV
GRBM p. f. 40-700 keV —+— WFC p. f. 2-26 keV —+— WFC data 2-10 keV ——+—
GRBM noise level -------- WFC u.l. 2-10 keV +—<—i
10% 4 10° 10% 4 10° 10% - 4 10°
€ 0% | 1108 2 £ g% J10¢ 7 £ 10 J108 3
g & 2 <3 h
o § & § & 5
@ = B = B =
= g = a = a
s 107 | 4 1020 g 3 10%2 4 1020 g 3z 10%2 4 1020 g
z x 2 x 2 x
@ 2 a 2 2 2
=] = =] = =] =
< 5 5 ° < °
54 4 3
5wt 102 £ § 0% 1102 £ § 10® 1101 ¢
38 2 8 2 8 2
5 o 5 [e] 5 o
& & @
10% 410 10% 4 101 10% 4 101
100 L A 4 1016 106 L B 4 1016 108 L ¢ 4 1016
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
102 10° 10° 10" 10° 10° 102 10° 10° 10" 10° 10° 10?2 10° 102 10" 10° 10°
Detector arrival time (Iad) (s) Detector arrival time (Iad) (s) Detector arrival time (Iad) (s)

Fig. 2. a) The light curve computed within the EMBH model in ~-ray (40-700 keV) is represented; the
horizontal bar represents the peak flux in the 40-700 keV band measured by the GRBM (Frontera et al., 2000).
The horizontal dotted line represents the noise level of the GRBM detector. b) The light curve computed within
the EMBH model in hard X-rays in the 2-26 keV band with the peak flux and time duration from WFC (Frontera
et al., 2000). c) The light curve computed within the EMBH model in hard X-rays in the 2-10 keV band with
the experimental data in the same band from WFC (Pian et al., 2000)

where z is the cosmological redshift of the source, rg = 7 (¢ = 0) and ¢ is the angle subtended by the emission
point of the photon on the ABM pulse external surface, having defined 19 = 0 along the line of sight. For such
a relation, different approximations exist in the literature (see e.g. Fenimore et al., 1996; Sari, 1997,1998,
Rees & Mészdros, 1998; Fenimore et al., 1999; Granot et al., 1999 and see also the reviews by Piran, 1999;
Mészaros, 2002). There are both quantitative and qualitative important differences in the use of Eq.(3)
instead of the ones usually adopted in the literature (Ruffini et al., 2003b). It is a matter of fact that only
the use of the EQTS defined by Eq.(3) allows to fit the observational data and that even a very minor
departure from it leads to unacceptable results. It is also important to recall that this inadequacy in the
current literature between in the relation between the arrival time and the laboratory time has affected also
all the estimates of the power-law slopes in the afterglow, preempting all current theoretical considerations
in the literature of their predictive power. All the considerations about beaming in GRBs existing in the
current literature have to be reformulated on the ground of the proper theoretical treatment and of Eq.(3)
(see Ruffini et al., 2003b). Having so determined the EQTS we have been able to evaluate the source
luminosity in a given energy band, in agreement with the above mentioned new assumptions (Ruffini et al.,
2003c).

We can now proceed to the best fit of the GRB 980425 observed data. The best fit of the observed
luminosity in selected energy bands has been obtained for the above mentioned values of the parameters
Egya, B and for R = 6.63 x 1071, The results are given in Fig. 2 where the luminosity is computed as a
function of the arrival time for three selected energy bands.

We can then conclude:

1. The best fit is obtainable under almost perfect spherical symmetry. This has been proven as a result of
an analysis of unprecedented redundancy: the luminosity curves are obtained from an integration over
almost 107 different paths, relating the observer to the EQTS. This procedure tests, to a very high
level of accuracy, any departure from spherical symmetry as well as any departure from the computed
equations of motion of the source (Ruffini et al., 2003b). This same circumstance was encountered in
GRB 991216 (Ruffini et al., 2003b).
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Fig. 3. The light curves in selected bands are reported as well as the MECS light curves in the 2-10 keV band

of S1 and S2 (Pian et al. 2000) as well as the optical data (lwamoto, 1999). Here are also reported theoretical
models of neutron star cooling (Canuto, 1978).

2. Each luminosity curve as a function of the arrival time presents complex behavior, which could be
erroneously interpreted as evidence for breaks in the power-law indexes leading to erroneous inferences
on the possible existence of jets (Ruffini et al., 2003c).

3. Although each luminosity curve presents some special features, the bolometric luminosity has a very
clear and simple power-law behavior with the “golden value” index n = —1.6 (Ruffini et al., 2003b).

THE NEW ASTROPHYSICAL SCENARIO AND THE NEWLY BORN NEUTRON STAR

In Fig. 3 the luminosities in the three bands are represented together with the optical data of SN1998bw
(black dots), the source S1 (black squares) and the source S2 (open circles). It is then clear that GRB 980425
is separated both from the supernova data and from the sources S1 and S2.

While the occurrence of the supernova in relation to the GRB has already been discussed with the
GRB-Supernova Time Sequence (GSTS) paradigm (Ruffini et al. 2001c), we like to address here a different
fundamental issue: the possibility of observing the birth of a newly formed neutron star out of the supernova
event, which in turn has been triggered by the GRB 980425.

In the early days of neutron star physics it was clearly shown by Gamow & Schoenberg (1940,1941)
that the URCA processes are at the very heart of the supernova explosions. The neutrino-antineutrino
emission described in the URCA process is the essential cooling mechanism necessary for the occurrence of
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the process of gravitational collapse of the imploding core. Since then, it has become clear that the newly
formed neutron star can be still significantly hot and in its early stages will be associated to three major
radiating processes (Tsuruta, 1964,1979,2002; Canuto, 1978): a) the thermal radiation from the surface, b)
the radiation due to neutrino, kaon, pion cooling, and c) the possible influence in both these processes of
the superfluid nature of the supra-nuclear density neutron gas. Qualitative representative curves for these
cooling processes, which are still today very undetermined due to the lack of observational data, are shown
in Fig. 3.

It is of paramount importance to follow the further time history of the two sources S1 and S2. If, as
we propose, S2 is a background source, its flux should be practically constant in time and this source has
nothing to do with the GRB 980425 / SN1998bw system. If S1 is indeed the cooling radiation emitted by
the newly born neutron star, it should be possible to notice a very drastic behavior in its luminosity as
qualitatively expresses in Fig. 3.

CONCLUSIONS
It is particularly attractive, in conclusion, to emphasize some of the analogies and the differences between
the case of GRB 991216 and the one of GRB 980425:

1. In both these sources a GRB and, independently, a supernova event are present. In the case of
GRB 991216 the inferences of the supernova can be obtained only on the ground of the emission
of iron lines (Piro et al., 2000; Ruffini et al., 2001c). In the present case of GRB 98025 we have
a very fortunate circumstance: the GRB source is much weaker and is much closer to us (z = 1.0
for GRB 991216 and z = 0.00835 for GRB 980425). This situation is particularly important for
obtaining detailed data on the supernova and on the possible occurrence of a newly born neutron
star. This occurrence could not be observed in GRB 991216 due to the very large distance and to the
overwhelming X-ray luminosity of the afterglow (see Ruffini et al., 2003b).

2. The energetics of GRB 991216 is Egy, = 4.83 x 10%3 ergs, while the one of GRB 980425 is Egya =
1.1 x 10%8ergs. Tt is very impressive that the EMBH model applies over a range of more than 6
orders of magnitude, giving important inferences on the source as well as on the structure of the
ISM surrounding the source. It is significant that in both sources the condition of spherical symmetry
appears to be strongly implemented and this fact is a very clear discriminant among all possible sources
of energy for GRBs.

3. The main difference between GRB 991216 and GRB 980425 is then traced back, within the EMBH
model, to the different parameters occurring in the dyadosphere and to the nature of the “effective”
Reissner-Nordstrom geometry which we have used as a reliable estimate for the dynamical processes of
gravitational collapse leading to the formation of the EMBH. For GRB 991216 we have a ratio between
the electromagnetic energy and the total mass of the imploding core, described by the parameter Q /M,
given by Q/M = 0.23 while for GRB 980425 we have Q/M = 6.5 x 10~%. In both cases a reasonable
mass of the black hole is Mpp ~ 10M (Ruffini et al., 2003b).

An dedicated observational campaign, both with XMM and Chandra, to follow the cooling of the newly
formed neutron star is needed in order to gain for the first time information on this extremely important
astrophysical process.
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A theoretical attempt to identify the physical process responsible for the afterglow emis-
sion of Gamma-Ray Bursts (GRBs) is presented, leading to the occurrence of thermal
emission in the comoving frame of the shock wave which gives rise to the bursts. The
determination of the luminosities and spectra involves integration over an infinite number
of Planckian spectra, weighted by appropriate relativistic transformations, each one
corresponding to a different viewing angle in the past light cone of the observer. The
relativistic transformations have been computed using the equations of motion of GRBs
within our theory, giving special attention to the determination of the equitemporal
surfaces. The only free parameter of the present theory is the “effective emitting area”
in the shock wave front. A self-consistent model for the observed hard-to-soft transition
in GRBs is also presented. When applied to GRB 991216 a precise fit (x? ~ 1.078) of
the observed luminosity in the 2-10 keV band is obtained. Similarly, detailed estimates
of the observed luminosity in the 50-300 keV and in the 10-50 keV bands are obtained.

Keywords: Black hole physics; gamma rays; gamma rays bursts; burst observations;
radiation mechanisms; thermal mechanisms.

1. Introduction

Gamma-Ray Bursts (GRBs), following the observations by the BATSE instrument,!
have been characterized by a few global parameters (see e.g. Ref. 2) such as the
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fluence, the characteristic duration (Tyg or T5g), and the global spectral distribu-
tion, given e.g. by the Band relation.? After the discovery of the afterglow,* two
additional important parameters have been added: the power-law indexes of the
afterglow and the source luminosity.

It has become clear that a variety of different eras are present in the GRB
data and that GRBs quite possibly have the most extreme time-variation of any
phenomena in nature (see e.g. Ref. 5 and references therein). We present here
an attempt to derive from first principles the instantaneous GRB luminosity in
selected energy bands and the GRB spectra. We use GRB 991216 as the proto-
type (see Ref. 6) since this source offers a superb set of data by BATSE in
the 50-300 keV band (see BATSE Rapid Burst Response)” and by R-XTE and
Chandra in the 2-10 keV band (see Refs. 8 and 9) to be compared to the theore-
tically predicted ones in the 2-300 keV range. We also give physical reasons for
the often mentioned hard-to-soft transition observed in the majority of GRBs
(see e.g. Refs. 10-13).

2. The Model

The complete dynamics of GRB 991216 has been computed (see Ref. 5). The initial
conditions we adopted for this source at ¢ = 1072! s ~ 0 s are a spherical shell
of eT — e~-photon neutral plasma lying between the radii 7o = 6.03 x 10° cm and
r1 = 2.35 x 10% cm: the temperature of such a plasma is 2.2 MeV, the total energy
Fiot = 4.83 x 10°2 erg and the total number of pairs N+, = 1.99 x 10°%. These
conditions have been derived from vacuum polarization processes occurring in the
dyadosphere of an ElectroMagnetic Black Hole (EMBH).14:15

The optically thick electron—positron plasma self-propels itself outward reaching
ultrarelativistic velocities,'® then interacts with the remnant of the progenitor star
and, by further expansion, becomes optically thin.'” As the transparency condition
is reached, the Proper-GRB (P-GRB) is emitted with an extremely relativistic
shell of Accelerated Baryonic Matter (the ABM pulse, see Ref. 18). It is this ABM
pulse which gives origin to the afterglow through its interaction with the ISM,
whose average density is assumed to be (njs,) = 1 particle/cm?®. In such a collision
the “fully radiative condition” is implemented (see Ref. 5 for details): the internal
energy AFE;, which results is instantaneously radiated away.

The equations of motion in our model depend only on two free parameters:
the total energy Fio, which coincides with the dyadosphere energy Egy., and the
amount Mp of baryonic matter left over from the gravitational collapse of the pro-
genitor star, which is determined by the dimensionless parameter B = Mpc?/ Edya.-
These two parameters have been determined by fitting, with high accuracy, the
bolometric intensity and the slope of the afterglow.'® We have also fit, again with
high accuracy, the substructures observed in the E-APE which result from inhomo-
geneities in the ISM, still maintaining an average density distribution of (njgm) = 1
particle/cm?® (Ref. 19).

342



On the Instantaneous Spectrum of Gamma-Ray Bursts 845

3. The Newly Assumed Origin of the Afterglow X- and
~v-Ray Radiation

Here we adopt three basic assumptions: (a) the resulting radiation as viewed in the
comoving frame during the afterglow phase has a thermal spectrum and (b) the ISM
swept up by the front of the shock wave, with a Lorentz gamma factor between 300
and 2, is responsible for this thermal emission. We also adopt, like in our previous
papers,® 18720 that (c) the expansion occurs with spherical symmetry. These three
assumptions are different from the ones adopted in the GRB literature, in which
the afterglow emission is believed to originate from synchrotron emission in the
production of the shock or reverse shock generated when the assumed jet-like ejecta
encounter the external medium (see e.g. Ref. 21 and references therein).

The structure of the shock is determined by mass, momentum and energy con-
servation, i.e. the constancy of the specific enthalpy, which are standard conditions
in shock rest frames?? and have already been used in our derivation.® The only
additional free parameter of our model is the size of the “effective emitting area”
in the shock wave front: A.g.

The temperature T of the black body in the co-moving frame is then

: 1/4
T — AEmt 7 (1)
472 AToR

Aeﬁ
Aabm

where

R:

(2)

is the ratio between the “effective emitting area” and the ABM pulse surface A,pm,
AF;y is the internal energy developed in the collision with the ISM in a time
interval A7 in the co-moving frame and o is the Stefan-Boltzmann constant. The
ratio R, which is a priori a function that varies as the system evolves, is evaluated
at every given value of the laboratory time t¢.

All the subsequent steps are now uniquely determined by the equations of
motion of the system. The basic tool in this calculation involves the definition
of the EQuiTemporal Surfaces (EQTS) for the relativistic expanding ABM pulse
as seen by an asymptotic observer. See Fig. 1 in Ref. 19, and Refs. 23 and 24.

We are now ready to evaluate the source luminosity in a given energy band. The
source luminosity at a detector arrival time tg, per unit solid angle d2 and in the
energy band [v1, 5] is given by:®

[v1,v2]
dE; Ae g dt
— = — JAT—W T )dE,

dtgdQ /EQTS r dtd b, ) ®)

where Ae = AF;,/V is the energy density released in the interaction of the ABM
pulse with the ISM inhomogeneities measured in the comoving frame, A = (1 —
(v/c) cos®¥) is the Doppler factor, W (v1, v, Tuy) is an “effective weight” required to
evaluate only the contributions in the energy band [v1, 2], d¥ is the surface element
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of the EQTS at detector arrival time t¢ on which the integration is performed
(see also Ref. 19) and T,,, is the observed temperature of the radiation emitted
from dX:

T 1

Tars = (1= 2cosd) (1+2)° @

The “effective weight” W (v, va, Tayr) is given by the ratio of the integral over
the given energy band of a Planckian distribution at a temperature Ty, to the total
integral aTL.,:

1 V2 hv\®
W(V17V27Tarr) = oTA / p(TarraV)d<7> 5 (5)

where p(Tarr, V) is the Planckian distribution at temperature Ty,

2 hv
p(Tarm V) = ﬁexphu/(k—nrr)fl : (6)

4. The Best Fit of the Observed Flux in Selected Energy Bands

We can now proceed to the best fit of the observed data using GRB 991216 as
the prototype. Such an estimate is perfectly well defined from a theoretical point
of view, although from a numerical point of view the integration on all the EQTS
and the associated relativistic transformations have raised unprecedented and time
consuming difficulties. Almost 108 paths with different temperatures and different
Lorentz boosts had to be considered in the integration over the EQTS. We give
in Figs. 1 and 2 the results for the three energy bands 50-300 keV (BATSE),
2-10 keV (R-XTE, Chandra) and 10-50 keV. It is most remarkable that the best
fit is obtained simply by a factor R, which is monotonically varying in the range:

3.01 x 1078 >R >5.01 x 1072 (7)

respectively in correspondence with the beginning of the afterglow emission and
the last observation by Chandra at ~ 37 hr after the GRB. We point out the
perfect agreement with the data obtained by BATSE Rapid Burst Response’ in
the energy range 50-300 keV (see dashed line in Fig. 1). Very impressive is the
fit of the data obtained by the R-XTE and Chandra satellites (see Ref. 25) in the
energy range 2-10 keV (see dotted line in Figs. 1 and 2). These data are fitted with
a x? ~ 1.078. This fit covers a time span of ~ 10° s and is impressive if we recall
that it is a function of the single parameter R. The fit can be further improved,
reaching a x? ~ 0.48, when a radial dependence in (nisy,) is introduced, ranging
from (njsm) =~ 1 particle/cm? in the E-APE region (r ~ 5 x 1016 c¢m) to (njsm) ~ 3
particle/cm? in the latest afterglow phases (7 ~ 4 x 107 cm). Both in Figs. 1 and
2 the solid line gives the bolometric luminosity (see details in Ref. 5).
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Fig. 1. Best fit of the afterglow data of GRB 991216. The solid curve is the bolometric luminosity.
See Ref. 18 for the radial approximation and Refs. 5 and 19 for the relativistic analysis of the
off-axis contributions. The three dotted curves correspond to the luminosities in the bands 50—
300 keV, 10-50 keV and 2-10 keV respectively. Near the E-APE, where the BATSE data are
present, almost all the luminosity is in the 50-300 keV band. The afterglow data from R-XTE
and Chandra (see Ref. 25) in the 2-10 keV are perfectly fit by the corresponding luminosity curve
(see also Fig. 2).

5. On the Time Integrated Spectra and the Hard-to-Soft
Spectral Transition

We turn now to the much debated issue of the origin of the observed hard-to-soft
spectral transition during the GRB observations (see e.g. Refs. 10-13). We consider
the instantaneous spectral distribution of the observed radiation for three different

EQTS:

e t4 =10 s, in the early radiation phase near the peak of the luminosity,

e t4 =1.45x10% s, in the last observation of the afterglow by the Chandra satellite,
and

e t4 =10% s, chosen in between the other two (see Fig. 3).

The observed hard-to-soft spectral transition is then explained and traced back to:

(1) a time decreasing temperature of the thermal spectrum measured in the co-
moving frame,

(2) the GRB equations of motion,

(3) the corresponding infinite set of relativistic transformations.
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Fig. 2. This is an enlargement of Fig. 1 in the region of the afterglow data in the 2-10 keV band
from the R-XTE and Chandra satellites, showing the perfect agreement between the theoretical
curve and the observational data. The reduced x? value for this fit is x2 ~ 1.078.
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Fig. 3. The instantaneous spectra of the radiation observed in GRB 991216 at three different
EQTS respectively, from top to bottom, for t¢ = 10 s, t¢ = 10* s and t¢ = 1.45 x 10° s. These

diagrams have been computed assuming a constant (njs,) ~ 1 particle/cm? and clearly explains
the often quoted hard-to-soft spectral evolution in GRBs.

346



On the Instantaneous Spectrum of Gamma-Ray Bursts 849
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Fig. 4. The time-integrated spectrum of the radiation observed in GRB 991216. The low energy
part of the curve below 10 keV is fit by a power-law with index o« = —1.05 and the high energy
part above 500 keV is fit by a power-law with an index 8 < —16.

A clear signature of our model is the existence of a common low-energy behavior of
the instantaneous spectrum represented by a power-law with index o« = +0.9. This
prediction will be possibly verified in future observations.

Starting from these instantaneous values, we integrate the spectra in arrival
time obtaining what is usually fit in the literature by the “Band relation.”? Indeed
we find for our integrated spectra a low energy spectral index a = —1.05 and an
high energy spectral index § < —16 when interpreted within the framework of a
Band relation (see Fig. 4). This theoretical result can be submitted to a direct
confrontation with the observations of GRB 991216 and, most importantly, the
entire theoretical framework which we have developed can now be applied to any
GRB source. The so-obtained theoretical predictions on the luminosity in fixed
energy bands can then be straightforwardly confronted with the observational data.

6. Conclusions

In addition to the above results, we have also applied our model to GRB 980425,
which is one of the weakest GRBs observed, with an energy of the order of
~ 10%® ergs (see Refs. 26-28). Our model then applies over a range of energies
spanning 6 orders of magnitude.

The fundamental novel point here is the assumption of the thermal origin of the
X and v radiation of the afterglow in the comoving frame of the shock front. The
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fit of the data in Figs. 1 and 2 gives a clearest and unambiguous support from the
observations to this theoretical approach.

All the works in the current literature tries to explain the afterglow emission by a
very complex process implying magnetic fields, jet-like ejecta, emission by a forward
shock and a reverse shock (see e.g. Refs. 12, 29 and 30 and references therein). In
our approach we evidence the existence of a much simpler process, directed forward,
basically spherically symmetric and originating by a simple thermal emission in the
comoving frame of the shock.

We are grateful to an anonymous referee for pointing out that Blinnikov et al.!
did argue that nonthermally looking GRB spectra can indeed be formed by a super-
position of a set of thermal black body spectra with a temporal power-law evolution
of the temperature. In our treatment not only time but also space integration on
the EQTS takes place. This effect was explicitly omitted in the interesting paper
of Blinnikov et al.:3' while their instantaneous GRB spectra are thermal, in our
approach each instantaneous spectrum is derived from an infinite set of foliations
of events on the EQTS, each one characterized by a different thermal spectrum
in the comoving frame boosted by a different relativistic transformation obtained
from the EOM.

We emphasize that these results are extremely sensitive to the structure of the
EQTS and to the theoretical assumptions adopted for each GRB era (see exam-
ples in Refs. 5, 23 and 24). Due to the enormous redundancy built into the almost
108 different paths mentioned above, possibly unprecedented in physics and astro-
physics, we can assert the uniqueness of the solution. We also conclude that there
is a marked difference (see Fig. 1) between the bolometric intensity of the after-
glow, with a simple power-law behavior with an index n = —1.6 in the decreasing
part, and the actual luminosity in a fixed bandwidth, which can have a complex
dependence on time. Such a complex behavior could be erroneously interpreted as
a broken power-law supporting the existence of jet-like structures in GRBs.

The physical reasons justifying the assumptions in Eqgs. (1) and (2) are presented
in Ruffini et al.3
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Abstract. Our GRB theory, previously developed using GRB 991216 asttype, is here applied
to GRB 980425. We fit the luminosity observed in the 40-700, 22126 keV and 2—10 keV bands
by the BeppoSAX satellite. In addition the supernova SNb99& the outcome of an “induced
gravitational collapse” triggered by GRB 980425, in agreatrwith the GRB-Supernova Time
Sequence (GSTS) paradigm (Ruffini et al. [1]). A further onte of this astrophysically exceptional
sequence of events is the formation of a young neutron staergted by the SN1998bw event
(Ruffini et al. [2]). A coordinated observational activity iecommended to further enlighten the
underlying scenario of this most unique astrophysicalksyst

Our GRB theory (Ruffini et al. [3, 4, 1, 5, 6] and referencesréi®, previously
successfully applied to GRB 991216 used as a prototype,dbegipto GRB 980425
(Pian et al. [7]) and SN1998bw (Galama and et al. [8]). Thisntwvallows to test
the validity of the theory over a range of energies of 6 ord#rsnagnitude: both
sources appear to be spherically symmetric and the regpdotal energies arBo; ~
5 x 10P3ergs andE;q ~ 10%8ergs.

The theory, therefore, explains all the observed featuféseobolometric intensity
variations of the afterglow as well as the spectral propsrtf the source and, in the
specific case of GRB 980425 (Ruffini et al. [2]), it also allotesclarify the general
astrophysical scenario in which the GRB actually occurghisisystem, in fact, we pro-
pose that GRB 980425 has been the trigger of a phenomenondifcied gravitational
collapse” (Ruffini et al. [1]) originating the supernova &gion and we also witness the
birth of a young neutron star out of the supernova event. &timordinary coincidence
of these three astrophysical events represents an unpraeeldscenario of fundamental
importance in the field of relativistic astrophysics.

The observational situation of this system is quite comgieaddition to the source
GRB 980425 and the supernova SN1998bw, two X-ray sources hegn found by
BeppoSAX in the error box for the location of GRB 980425: arseisland a source
S2(Pian et al. [7]). Our approach is the following. We first met the GRB 980425
within the EMBH theory. This allows the computation of thenmosity, spectra, Lorentz
gamma factors, and more generally all the dynamical aspedise source. Having
characterized the features of GRB 980425, we can gradupfiyoach the remaining
part of the scenario, disentangling the GRB observatioms the supernova ones and

352



from the source§1andS2 This leads to a natural time sequence of events and to their
autonomous astrophysical characterization.

Our approach has focused on identifying the energy extnagtrocess from the
black hole (Christodoulou and Ruffini [9]) as the basic egesgurce for the GRB
phenomenon. The distinguishing feature is a theoretipaidicted source energetics all
the way up to 18 x 10°4(Mgy /M) ergs for 32M, < Mgy < 7.2 x 10°M,, (Damour and
Ruffini [10]). In particular, the formation of a “dyadospleér during the gravitational
collapse leading to a black hole endowed with electromagsétucture (EMBH) has
been indicated as the initial boundary conditions of the GR8cess (Ruffini [11],
Preparata et al. [12]).

The equations of motion in our theory depend only on two free@meters: the total
energyEqt, which coincides with the dyadosphere enelgy,, and the amour¥lg of
baryonic matter left over from the gravitational collapgete progenitor star, which
is determined by the dimensionless parathefMBcz/Edya. Our best fit corresponds
to Egya = 1.1 x 10*ergs,B = 7 x 102 and the ISM average density is found to be
(nism) = 0.02 particle'cm®. The plasma temperature and the total number of pairs in the
dyadosphere are respectiv@ly= 1.028 MeV andNg: = 5.3274x 10°°,

Recently, within the EMBH theory, we have developed an gttetm theoretically
derive the GRB spectra out of first principles as well as thé8GiRninosity in fixed
energy bands (Ruffini et al. [13]). We have adopted threecbassumptionsa) the
resulting radiation as viewed in the comoving frame durihg &fterglow phase has
a thermal spectrum anl) the ISM swept up by the front of the shock wave, with a
Lorentz gamma factor between 300 and 2, is responsible f@thkrmal emissiornc)
We also assume, like in our previous papers (Ruffini et ah[8, 6]), that the expansion
occurs with spherical symmetry.

The temperaturé of the black body in the comoving frame is then

7o BEm Y (1)
ATr2ATOR ’

whereZ = Act1/Aapm IS the ratio between the “effective emitting area” and theMAB
pulse surfacéAspnm (in this case the best fit value o is monotonically decreasing
from 4.81x 10719 to 265x 10719, ¢ is the Stefan-Boltzmann constant afHj, is
the proper internal energy developed in the collision betwiéne ABM pulse and the
ISM in the proper time intervaht (see Ruffini et al. [6, 13]). The rati@, which is a
priori a function that varies as the system evolves, is etalliat every given value of
the laboratory time.

All the subsequent steps are now uniquely determined bydhat®ns of motion of
the system. The basic tool in this calculation involves tinition of the EQuiTemporal
Surfaces (EQTS) for the relativistic expanding ABM pulsesaen by an asymptotic
observer. The key to determining such EQTS (see Fig. 1 in mudfial. [5]) is the
relation between the timen the laboratory frame at which a photon is emitted from the
ABM pulse external surface and the arrival titJeat which it reaches the detector.

The results are given in Fig. 1 where the luminosity is coragts a function of the
arrival time for three selected energy bands.
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FIGURE 1. The lightcurvesin selected bands are reported as well a4 HES light curves in the 2-10

keV band of S1 and S2 (Pian et al. [7]) as well as the optical latamoto [14]). Here are also reported
theoretical models of neutron star cooling (Canuto [15]).

In Fig. 1 the luminosities in the three bands are represeotgether with the optical
data of SN1998bw (black dots), the source S1 (black squaresjhe source S2 (open
circles). It is then clear that GRB 980425 is separated kot the supernova data and
from the sourceS1andS2

While the occurrence of the supernova in relation to the GRB &lready been
discussed with the GRB-Supernova Time Sequence (GSTSHigargRuffini et al.
[1]), we like to address here a different fundamental issiue possibility of observing
the birth of a newly formed neutron star, possibly pulsatimg of the supernova event,
which in turn has been triggered by the GRB 980425.

In the early days of neutron star physics it was clearly shdawyn(Gamow and
Schoenberg [16]) that the URCA processes are at the veryt bédhe supernova
explosions. The neutrino-antineutrino emission desdribethe URCA process is the
essential cooling mechanism necessary for the occurrditibe process of gravitational
collapse of the imploding core. Since then, it has becomar ¢teat the newly formed
neutron star can be still significantly hot and in its earlygsts will be associated to
three major radiating processes (Tsuruta [17, 18], Tsweutal. [19], Canuto [15]):
a) the thermal radiation from the surfads), the radiation due to neutrino, kaon, pion
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cooling, andc) the possible influence in both these processes of the sugeréiture of
the supra-nuclear density neutron gas. Qualitative reptative curves for these cooling
processes, which are still today very undetermined dueettattk of observational data,
are shown in Fig. 1.

It is of paramount importance to follow the further time bist of the two sources
SlandSz2 If, as we proposeS2is a background source, its flux should be practically
constant in time and this source has nothing to do with the GB®125 / SN1998bw
system. If S1 is indeed the cooling radiation emitted by thalg born neutron star,
it should be possible to notice a very drastic behavior ituitsinosity as qualitatively
expresses in Fig. 1.

The complete details on the source with all numerical vatuesexplicit relations is
going to appear in (Ruffini et al. [20]).
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Abstract. We consider the gamma-ray burst of 1997 February 28 (GRB 28)0&ithin the Elec-
troMagnetic Black Hole (EMBH) model. We first determine theue of the two free parame-
ters that characterize energetically the GRB phenomendimeiiEMBH model, that is to say the
dyadosphere energiqys = 5.1 x 10°2 ergs, and the baryonic remnant maés in units of Edya,

B = Mgc?/Egya = 3.0 x 10~3. Having in this way estimated the energy emitted during thent-
target phase, we evaluate the role of the InterStellar Medi$M) number density (8m) and of
the ratioZ between the effective emitting area and the total surfaea af the GRB source, in
reproducing the observed profiles of the GRB 970228 promjxsam and X-ray (2-10 keV energy
band) afterglow. The importance of the ISM distributionesrdimensional treatment around the
central black hole is also stressed in this analysis.

The GRB 970228 [1] had an important role in solving the origfiGRBs through the
first detection of counterparts at other wavelengths: therglbw phenomenon, long-
lived multi-wavelength emission, was discovered follogWBRB 970228 at X-ray ([2],
Costa et al. [3]) and optical ([4], van Paradijs et al. [5])\vetengths. We consider of
great interest to compare the predictions of the ElectraMétig Black Hole (EMBH)
theory (see Ruffini et al. [6] and references therein) withfitst afterglow observed by
the Beppo-SAX satellite. We are also interested in testirgetfficiency of the model
in reproducing the GRB 970228 prompt emission: in the 40&k&@ energy band the
burst was characterized by an initial 5 s strong pulse faidyafter about 30 s, by three
additional pulses of decreasing intensity (Frontera eff7§). The InterStellar Medium
(ISM) number density (@) inhomogeneities have an important role in interpreting th
profile within the EMBH model.

Our analysis starts establishing the value of the two frgamaters that determine
energetically the GRB phenomenon in the EMBH model: thel te&rgy deposited
in the dyadospherggy, (Ruffini et al. [8]) and the amount of the baryonic matter left
over in the collapse process of the EMBH progenitor star f{Riuét al. [8]), that can
be parametrized by the dimensionless paraniatefMBcz/Edya. With the choice of
Egya = 5.1 x 10°? ergs andB = 3.0 x 10~3, the EMBH model predicts that a 98%
of the total energyEqy, is emitted during the so-called beam-target phase (Ruffini
et al. [9]), that is to say during the collision of the Accelexd Baryonic Matter-pulse
(ABM-pulse) with the ISM (Ruffini et al. [6]). During this plsa, the internal energy
developed in the collision is instantaneously radiatedyafidly radiative condition)
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and, as a consequence, the resulting shape of the light isustrectly linked to the ISM
distribution and number density (Ruffini et al. [10]). We asene-dimensional treatment
of the ISM, where the gy is a function of the radial distance from the central black
hole (Ruffini et al. [10]). In order to reproduce the obserpeafile of the GRB 970228,
nism has to range between the values of A@articles/cmd and 200 particles/cfin
the region of space within.@0 x 10 cm and 495 x 10'6 cm from the central black
hole. Since D0 x 10'® cm and beyond 85 x 10*® cm, the ISM number density has
a constant value of 1 particle/énidetails are given in Ruffini et al. [11], Ruffini et al.
[12]). The correct spectral distribution of the energy eettduring the the beam-target
phase depends on théparameter (Ruffini et al. [13]). As a consequence, the thieate
curves in selected energy bands are strictly related tgtrsmeterZ is a function of
the radial distance from the EMBH and it represents the ragittveen the effective
emitting area of the ABM-pulse and its total surface area:

X = Pett/AnBM 1)

According to Ruffini et al. [13], by assuming a black-body &pem in the co-moving
frame for the radiation emitted during the collision witke tisM, the spectral distribution
of the energy emitted results to be dependent on the tenuperat the emitting black
body (Ruffini et al. [13], Ruffini et al. [14]):

: 1/4
T_ AEjn @)
AT 2ATOR

whereAE;y is the proper internal energy developed in the collisionhef ABM-pulse
with the ISM in the proper time interv&lt, r is the radial coordinate of the ABM-pulse,
t is the laboratory time (Ruffini et al. [15])7 is the Stefan-Boltzmann constant. In the
case of GRB 970228 we fin@ monotonically varying from J x 1071?t0 8.8 x 1011
when the radial coordinategoes from 70 x 10 cm to 50 x 10 cm. With this result,
the first peak in the 40-700 keV observed light curve is calyeeproduced by the
model (details are given in Ruffini et al. [11], Ruffini et al2]). The three additional
pulses, that follow the first one after a gap in the emissimareproduced by the model
in terms of the mean luminosity. The Fast Rise Exponenti@ay§FRED) shape that
emerges in the theoretical light curve is a consequencesaitb-dimensional treatment
of the ISM. To solve this problem, a three-dimensional treait of the ISM distribution
is required (details are given in Ruffini et al. [11], Ruffinia. [12]).

About the X-ray afterglow, in Fig.1 we present the theowdtaurve in the 2-10 keV
energy band compared with the observed data by Beppo-SAXt#Gst al. [3]) and
ASCA [16]. The afterglow phase corresponds to the ABM-palggansion in the region
beyond 495 x 10'6 cm, where the number density of the ISM has a constant value,
nism =1particle/cni. We can see that there is a good agreemgefit@.5) between the
theoretical light curve in the 2-10 keV energy band and ttseoled data by Beppo-SAX
and ASCA. From this analysis we conclude that:

« a mask of density inhomogeneities of the ISM is needed in ¢igéon of space
between 20 x 10 cm and 495 x 10 c¢cm from the black hole, in order to
reproduce the structure of the GRB 970228 prompt emission;
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GRB 970228 Afterglow 2-10 keV
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FIGURE 1. Afterglow 2-10 keV: the solid line represents the theowmdtlight curve for the 2-10 keV
emission in the EMBH model. The points are the GRB 970228 kel afterglow data observed by
Beppo-SAX (Costa et al. [3]) and ASCA ([16])

« a three-dimensional treatment of the ISM is required in otdeimprove the
theoretical predictions of the model (details are givenuffiRi et al. [11], Ruffini
et al. [12]);

. finally, a good result is obtained with a constant value ofriag) =1particle/cnd
for the 2-10 keV afterglow emission.
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Abstract. We analyze the data of the Gamma-Ray Burst/Supernova GRR@3BN2003dh sys-
tem obtained by HETE-2 (gcn [1]), R-XTE (gcn [2]), XMM (Tienget al. [3]) and VLT (Hjorth
et al. [4]) within our theory (Ruffini et al. [5] and refererctherein) for GRB030329. By fitting the
only three free parameters of the EMBH theory, we obtaintingrosity in fixed energy bands for
the prompt emission and the afterglow (see Fig. 1). Sinc&#mama-Ray Burst (GRB) analysis is
consistent with a spherically symmetric expansion, thegnef GRB030329 i€ = 2.1 x 10°2 erg,
namely~ 2 x 10° times larger than the Supernova energy. We conclude tiardlie GRB is trig-
gering an induced-supernova event or both the GRB and therBoye are triggered by the same
relativistic process. In no way the GRB can be originatednfthe supernova. We also evidence
that the XMM observations (Tiengo et al. [3]), much like ireteystem GRB980425/SN1998bw
(Ruffini et al. [6], Pian and et al. [7]), are not part of the GRiBerglow, as interpreted in the liter-
ature (Tiengo et al. [3]), but are associated to the Superpbenomenon. A dedicated campaign
of observations is needed to confirm the nature of this XMMreewas a newly born neutron star
cooling by generalized URCA processes.

A distinctive feature of our model, developed in the framewaf the three interpre-
tational paradigms (Ruffini et al. [8, 9, 10]), has been tHatien between the photon
arrival time at the detectd)g and the photon emission timé¢see Ruffini etal. [5, 9, 11]):

t / / * *
9= (112 (twcos19+::), )
wherer(t), v(t) andy(t) are the radial coordinate, the velocity and the Lorentz gamm
factor of the expanding shelly = r(t = 0), 3 is the angle between the velocity of the
emission point of the photon and the line of sight arid the cosmological redshift of
the source.

In contrast with the relation betwee andt used in the literature, which depends
on an instantaneous value of the Loreptfactor (see e.g. Rees and Mészaros [12],
Eq.(30) in Piran [13]], Eq.(2) in van Paradijs et al. [14],.&) in Mészaros [15]), Eq.(1)
contains an integral which is a function of all previous eswof the Lorentz gamma
factor along the source world-line since the time 0. Therefore the knowledge of the
Equations Of Motion (EOM) of the source is crucial to the ewagion of Eq.(1). In turns
all the quantities which are computed using the EQuiTem@ueaces (EQTS, Ruffini
et al. [5, 11], Bianco and Ruffini [16]) determined from Eq.become themselves very
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FIGURE 1. The dotted line represents our theoretically predicted G&E29 light curve iny-rays
(30-400 keV) with the horizontal bar corresponding to theampeak flux from HETE-2 (gcn [1]). The
solid line represents the corresponding one in X-rays (ReM) with the experimental data obtained by
R-XTE (gcn [2]). The remaining points refer respectivelythe optical VLT data (Hjorth et al. [4]) of
SN2003bw and to the X-ray XMM data (Tiengo et al. [3]) of URQAThe dash-dotted lines corresponds
to cooling theoretical curves of young neutron stars by gdized URCA processes. It is interesting to
compare and contrast these results with the ones for GRB®38K 1998bw (see Fig. 3 in Ruffini et al.

(6

sensitive functions of the EOM. This includes the slope efdfterglow (Ruffini et al.
[5]), which is essential in assessing the possible presehd®aming in the source
(Ruffini et al. [17]), the luminosity in fixed energy bands atid spectral analysis
(Ruffini et al. [18]).

The determination of the EOM leads to a quite complex treatpwehich starts from a
very special set of initial conditions, proven to be unidLigis treatment fits the observed
luminosities with a large number of redundancy checks ot (see Fig. 1). Itfits as
well the time variability in the prompt radiation self-castently with the determination
of the EOM [19].

We have adopted a spherically symmetric distribution fa& @RB source and, as
initial conditions att = 102! s, ane*-e -photon neutral plasma lying between the
radii r, = 2.9 x 10° cm andr, = 9.0 x 10’ cm. The temperature of such a plasma is
2.1 MeV, the total energfor = 2.1 x 10°2 erg and the total number of paiMyie =
1.1 x 10°”. These conditions have been derived evaluating the vacularization
processes (Damour and Ruffini [20]) occurring in the dyatiesp of an EMBH (Ruffini
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[21], Preparata et al. [22], Cherubini et al. [23], Ruffindaviitagliano [24, 25], Ruffini
etal. [26]). The total energiot coincides with the dyadosphere enekgy, which is the
first independent parameter of the EMBH theory. The opficdilick electron-positron
plasma created in the dyadosphere self-propels itselfardtweaching ultrarelativistic
velocities (Ruffini et al. [27]) and then interacts with theryponic matter of the remnant
of the progenitor star. The baryonic matter compomiégis the second free parameter
of the EMBH theoryB = MBCZ/Edya: 4.8 x 10~%. Thee+-e~-photon-baryon plasma
by further expansion becomes optically thin (Ruffini et 28]). As the transparency
condition is reached, the Proper-GRB (P-GRB) is emitteth ait extremely relativistic
shell of Accelerated Baryonic Matter (the ABM pulse) witlitial Lorentz gamma factor
of y=1836. It is this ABM pulse which produces the afterglow throutghinteraction
with the ISM, whose average density is best fitteckbgism >= 1 particle/cni. In such
a collision the “fully radiative condition” is implementdtbr details see Ruffini et al.
[5]): the internal energy¥Ein; which results is instantaneously radiated away.

We have recently assumed that the radiation emitted in tHisioa between the
ABM pulse and the ISM has a thermal spectrum measured in thd pBlse comov-
ing frame (Ruffini et al. [18]). In our approach the source ilnosity is derived from an
infinite set of foliations of events on the EQTS, each one attarized by a different
thermal spectrum in the comoving frame boosted by a diftargativistic transforma-
tion obtained from the EOM. The third free parameter of theBEMheory describes
this process of generating the thermal spectrum in the corgdvame. It is given by
1.1x 1077 < R= Aett/Aapm < 5.0 x 10711, where Aypm is the ABM pulse external
surface area anbly¢ ¢ is the ABM pulse effective emitting area.

We can then obtain for the GRB030329 the luminosities in myieaergy bands,
computed in the range 2-400 keV with very high accuracy. Fighows the results for
the luminosities in the 30-400 keV and 2-10 keV bands. Sulesetty, the theoretically
predicted GRB spectra have been evaluated at selecteds\afltiee arrival time [19].

We can now compare these results with those for GRB9804Z2H98bw (Rulffini
et al. [6]). We conclude that:

a) The intensity of the GRB versus the Supernova, comparablhe case of
GRB980425, becomes»210° times larger in the case of GRB030329. This crucial fact
clearly indicates beyond any doubt the independence of Ri& fhenomenon from the
Supernova (Ruffini et al. [10]). Moreover, the GRB is genlgrahergetically dominant
on the supernova; either the GRB is triggering an inducguswova event or both the
GRB and the Supernova are triggered by the same relatiyisticess. In no way the
GRB can originate from the supernova.

b) In both systems the XMM observations point to the existeotan additional
X-ray source, which we consider related to the Supernovaghenon and not to the
GRB. There is the distinct possibility that this source oréges from the emission of a
newly formed hot neutron star, cooling via generalized URE8cesses (Ruffini et al.
[6]). It has been recently proposed (Ruffini et al. [29]) tadlizate this new physical
and astrophysical systems as URCA-1 for GRB980425/SN1M%8il URCA-2 for
GRB030329/SN2003dh. A dedicated campaign of observatigthsXMM is urgently
needed in order to explore this unprecedented “triptyclroadysical systems, formed
by a GRB, an induced-supernova and possibly a newly bormpntshot neutron star.

Details of this results are going to be published in [19].
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We present theoretical predictions for the spectral, temporal and intensity signatures of
the electromagnetic radiation emitted during the process of the gravitational collapse of
a stellar core to a black hole, during which electromagnetic field strengths rise over the
critical value for ete™ pair creation. The last phases of this gravitational collapse are
studied, leading to the formation of a black hole with a subcritical electromagnetic field,
likely with zero charge, and an outgoing pulse of initially optically thick ete~-photon
plasma. Such a pulse reaches transparency at Lorentz gamma factors of 102-10%. We find
a clear signature in the outgoing electromagnetic signal, drifting from a soft to a hard
spectrum, on very precise time-scales and with a very specific intensity modulation. The
relevance of these theoretical results for the understanding of short gamma-ray bursts is
outlined.

Keywords: EMBH — electron-positron plasma — gravitational collapse — gamma-ray
bursts

1. Introduction

The discovery in 1997 of the afterglows of Gamma-Ray Bursts (GRBs) ! has ev-
idenced the cosmological nature of these sources. By the analysis of the first and
second BATSE catalogs® Tavani in 1998 2 confirmed the existence of two families of

asee http://cossc.gsfc.nasa.gov/batse/
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GRBs: the so-called “long-bursts” with a soft spectrum and duration At > 2.5sec
and the “short-bursts” with harder spectrum and duration At < 2.5sec. In 2001
the theory was advanced ® that both short-bursts and long-bursts originate from
the same underlying physical process due to the vacuum polarization of electromag-
netic overcritical gravitational collapse leading to the creation of et — e~ pairs at
the expenses of the extractable energy of a black hole 4. The difference between the
short-bursts and long-bursts in this theory is mainly due to the amount of baryonic
matter encountered by the eTe™ pairs in their relativistic expansion. A support of
such a theory was given by Schmidt ® showing that short-bursts and long-bursts
have the same isotropic-equivalent characteristic peak luminosity.

In recent work we have systematically developed the theoretical background of
a process of gravitational collapse of matter involving an electromagnetic field with
field strength higher than the critical value for e*e™ pair creation %7:8:910:11 The
goal has been to clarify the physical nature of the process of extracting the mass
energy of a black hole by the creation of ete™ matter pairs ¢ and to analyze the
electromagnetic radiation emission process during the transient dynamical phases
of the gravitational collapse leading to the final formation of the black hole.

In this letter we conclude this analysis by making precise predictions for the
spectra, the energy fluxes and characteristic time-scales of the radiation for short-
bursts. If the precise luminosity variation and spectral hardening of the radiation
we have predicted will be confirmed by observations of short-bursts, these systems
will play a major role as standard candles in cosmology.

These considerations will also be relevant for the analysis of the long-bursts
when the baryonic matter contribution will be taken into account.

2. The model

The idea that the origin of GRBs is related to the energy extractable from a black
hole # by process of vacuum polarization 21314 and the creation of ete™ plasma
was advanced in 1974 by Damour and Ruffini 6. The basic considerations on the
dynamics of the ete™ plasma in the context of GRBs were outlined in 1978 by
5, without addressing the issue of the origin of this plasma.
In 1998 7 these concepts were further evolved by the identification of the region
around an already formed black hole in which such e*e™ plasma can be created
and the concept of “dyadosphere” was introduced.

In this letter for the first time we present progress in describing the expected
radiation from the dynamical formation of the dyadosphere in the process of grav-
itational collapse.

The dynamics of the collapse of an electrically-charged stellar core, separating
itself from an oppositely charged remnant in an initially neutral star, was first

Cavallo and Rees !

modelled by an exact solution of the Einstein-Maxwell equations corresponding to
a shell of charged matter in Ref. 6. The fundamental dynamical equations and their
analytic solutions were obtained, revealing the amplification of the electromagnetic
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Observational signatures of an electromagnetic overcritical gravitational collapse 3

field strength during the process of collapse and the asymptotic approach to the
final static configuration. The results, which properly account for general relativistic
effects, are summarized in Fig. 1 and Fig. 2 of Ref. 6.

A first step toward the understanding of the process of extracting energy from
a black hole was obtained in Ref. 7, where it was shown how the extractable elec-
tromagnetic energy is not stored behind the horizon but is actually distributed
all around the black hole. Such a stored energy is in principle extractable, very
efficiently, on time-scales ~ ii/m.c?, by a vacuum polarization process a la Sauter-
Heisenberg-Euler-Schwinger 21314, Such a process occurs if the electromagnetic
field becomes larger than the critical field strength . for eTe™ pair creation. In
Ref. 7 we followed the approach of Damour and Ruffini ' in order to evaluate
the energy density and the temperature of the created ete~-photon plasma. As a
byproduct, a formula for the irreducible mass of a black hole was also derived solely
in terms of the gravitational, kinetic and rest mass energies of the collapsing core.
This surprising result allowed us in Ref. ® to obtain a deeper understanding of the
maximum limit for the extractable energy during the process of gravitational col-
lapse, namely 50% of the initial energy of the star: the well known result of a 50%
maximum efficiency for energy extraction in the case of a Reissner-Nordstréom black
hole 4 then becomes a particular case of a process of much more general validity.

The crucial issue of the survival of the electric charge of the collapsing core in the
presence of a copious process of ete™ pair creation was addressed in Refs. %19, By
using theoretical techniques borrowed from plasma physics and statistical mechanics
19,20,21,22,23,24.25 hased on a generalized Vlasov equation, it was possible to show
that while the core keeps collapsing, the created ete™ pairs are entangled in the
overcritical electric field. The electric field itself, due to the back reaction of the
created ete™ pairs, undergoes damped oscillations in sign finally settling down to
the critical value &.. The pairs fully thermalize to an eTe~-photon plasma on time-
scales typically of the order of 102-10%%/m.c?. During this characteristic damping
time, which we recall is much larger than the pair creation time-scale i/m.c?, the
core moves inwards, collapsing with a speed 0.2-0.8¢, further amplifying the electric
field strength at its surface and enhancing the pair creation process.

Turning now to the dynamical evolution of such an eTe™ plasma we recall
that, after some original attempt to consider a steady state emission 2627, the
crucial progress was represented by the understanding that during the optically
thick phase such a plasma expands as a thin shell. There exists a fundamental
relation between the width of the expanding shell and the Lorentz gamma factor.
The shell expands, but the Lorentz contraction is such that its width in laboratory

28 on the basis of a
29

frame appears to be constant. Such a result was found in
numerical approach, further analyzed in Bisnovatyi-Kogan and Murzina

basis of an analytic approach. Attention to the role of the rate equations governing
30

on the

the eTe™ annihilation were given in 2°, where approximations to the full equation
were introduced. These results were improved in two important respects in 1999

and 2000 31:32: the initial conditions were made more accurate by the considerations
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of the dyadosphere as well as the dynamics of the shell was improved by the self-
consistent solution of the hydrodynamical equation and the rate equation for the

et

e~ plasma following both an analytic and numerical approach.

We are now ready to report in this letter the result of using the approach in
in this general framework describing the dynamical formation of the dyadosphere.
The first attempt to analyze the expansion of the newly generated and ther-

malized eTe~-photon plasma was made in Ref. 1. The initial dynamical phases of

31,32

the expansion were analyzed, using the general relativistic equations of Ref. 6 for
the gravitational collapse of the core. A separatriz was found in the motion of the
plasma at a critical radius R: the plasma created at radii larger than R expands
to infinity, while the one created at radii smaller than R is trapped by the gravita-
tional field of the collapsing core and implodes towards the black hole. The value
of R was found in Ref. ' to be R = 2GM/c*[1+ (1 — 3Q2/4G]\12)1/2], where M
and @ are the mass and the charge of the core, respectively.

In this letter we pursue further the evolution of such a system, describing the
dynamical phase of the expansion of the pulse of the optically thick plasma all
the way to the point where the transparency condition is reached. Some pioneering
work in this respect were presented in Goodman in 1986 32. In this process the pulse
reaches ultrarelativistic regimes with Lorentz factor ¥ ~ 102-10%. The spectra, the
luminosities and the time-sequences of the electromagnetic signals captured by a
far-away observer are analyzed here in detail for the first time. The relevance of
these theoretical results for short-bursts is then discussed.

3. The expansion of the ete~~ plasma as a discrete set of
elementary slabs

We discretize the gravitational collapse of a spherically symmetric core of mass M
and charge @) by considering a set of events along the world line of a point of fixed
angular position on the collapsing core surface. Between each of these events we
consider a spherical shell slab of plasma of constant coordinate thickness Ar so
that:

(1) Ar is assumed to be a constant which is small with respect to the core radius;

(2) Ar is assumed to be large with respect to the mean free path of the particles
so that the statistical description of the eTe™v plasma can be used;

(3) There is no overlap among the slabs and their union describes the entirety of
the process.

We check that the final results are independent of the special value of the chosen
Ar.

In order to describe the dynamics of the expanding plasma pulse the energy-
momentum conservation law and the rate equation for the number of pairs in the
Reissner-Nordstrom geometry external to the collapsing core have to be integrated:

™., =0, 1)
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(Nete-ut), , =00 [nz+e, (T) - n§+e,] , (2)

sk

where TH = (e + p) u*u” + pg"” is the energy-momentum tensor of the plasma
with proper energy density € and proper pressure p, u® is the fluid 4-velocity, ng+.-
is the pair number density, n.+.- (T') is the equilibrium pair number density at
the temperature T of the plasma and v is the mean of the product of the ete~

annihilation cross-section and the thermal velocity of the pairs. We use Egs. (1) and

(2) to study the expansion of each slab, following closely the treatment developed
in Refs 3132 where it was shown how a homogeneous slab of plasma expands as

a pair-electromagnetic pulse (PEM pulse) of constant thickness in the laboratory
frame. Two regimes can be identified in the expansion of the slabs:

(1)

In the initial phase of expansion the plasma experiences the strong gravitational
field of the core and a fully general relativistic description of its motion is
needed. The plasma is sufficiently hot in this first phase that the eTe™ pairs
and the photons remain at thermal equilibrium in it. As shown in Ref. ', under
these circumstances, the right hand side of Egs. (2) is effectively 0 and Egs. (1)
and (2) are equivalent to:

(&) =t [1- (32=)" @ (5)']. ®)
() = () ) () - 2 ()

where r is the radial coordinate of a slab of plasma, a = (1 —2MG/c?r
+Q%*G/ c4r2)1/ ? is the gravitational redshift factor and the subscript “o” refers
to quantities evaluated at the initial time.

At asymptotically late times the temperature of the plasma drops below an
equivalent energy of 0.5 MeV and the ete™ pairs and the photons can no longer
be considered to be in equilibrium: the full rate equation for pair annihilation
needs to be used. However, the plasma is so far from the central core that

gravitational effects can be neglected. In this new regime, as shown in Ref. 3!,
Egs. (1) and (2) reduce to:

a2
Il

/N
3

<<
S
SN—

4

2=/, (@)

ZNete- = —Nevo- 5 57 +005 [N2 - (T) = N2 -],

ete™ ete—

where I' = 14+p/e, V is the volume of a single slab as measured in the laboratory
frame by an observer at rest with the black hole, N+.- = yn+.- is the pair
number density as measured in the laboratory frame by an observer at rest
with the black hole, and Ne+.- (T') is the equilibrium laboratory pair number
density.
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Fig. 1. Expansion of the plasma created around an overcritical collapsing stellar core with M =
10Mg and Q = 0.1v/GM. Upper diagram: world lines of the plasma. Lower diagram: Lorentz ~
factor as a function of the radial coordinate r.

4. The reaching of transparency and the signature of the outgoing
gamma ray signal

Egs. (3) and (4) must be separately integrated and the solutions matched at the
transition between the two regimes. The integration stops when each slab of plasma
reaches the optical transparency condition given by

Ar
/ OTNe+e— dr ~1 , (5)
J0

where or is the Thomson cross-section and the integral extends over the radial
thickness Ar of the slab. The evolution of each slab occurs without any collision
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Observational signatures of an electromagnetic overcritical gravitational collapse 7

or interaction with the other slabs; see the upper diagram in Fig. 1. The outer
layers are colder than the inner ones and therefore reach transparency earlier; see
the lower diagram in Fig. 1. In Fig. 1, Egs. (3) and (4) have been integrated for a
core with

M =10My, Q=0.1VGM; (6)

the upper diagram represents the world lines of the plasma as functions of the
radius, while the lower diagram shows the corresponding Lorentz v factors. The
overall independence of the result of the dynamics on the number N of the slabs
adopted in the discretization process or analogously on the value of Ar has also
been checked. We have repeated the integration for N = 10, N = 100 reaching the
same result to extremely good accuracy. The results in Fig. 1 correspond to the
case N = 10.

We now turn to the results in Fig. 2, where we plot both the theoretically
predicted luminosity L and the spectral hardness of the signal reaching a far-away
observer as functions of the arrival time ¢,. Since all three of these quantities depend
in an essential way on the cosmological redshift factor z, see Refs. 3536
adopted a cosmological redshift z = 1 for this figure.

, we have

As the plasma becomes transparent, gamma ray photons are emitted. The en-
ergy hw of the observed photon is hw = kyT/ (1 + z), where k is the Boltzmann
constant, 7" is the temperature in the comoving frame of the pulse and ~ is the
Lorentz factor of the plasma at the transparency time. We also recall that if the
initial zero of time is chosen as the time when the first photon is observed, then the
arrival time ¢, of a photon at the detector in spherical coordinates centered on the
black hole is given by 35:36:

ta=(1+2) t+%—ict)cos€ (7)
where (t,7(t),0,$) labels the laboratory emission event along the world line of
the emitting slab and r¢ is the initial position of the slab. The projection of the
plot in Fig. 2 onto the t,-L plane gives the total luminosity as the sum of the
partial luminosities of the single slabs. The sudden decrease of the intensity at the
time ¢ = 0.040466 s corresponds to the creation of the separatriz introduced in
Ref. 19, We find that the duration of the electromagnetic signal emitted by the
relativistically expanding pulse is given in arrival time by

Aty ~5x107%. (8)

The projection of the plot in Fig. 2 onto the kTops, to plane describes the temporal
evolution of the spectral hardness. We observe a precise soft-to-hard evolution of
the spectrum of the gamma ray signal from ~ 102 KeV monotonically increasing
to ~ 1 MeV. We recall that kTops = kyT/ (1 + 2).

The above quantities are clearly functions of the cosmological redshift z, of the
charge @ and the mass M of the collapsing core. We present in Fig. 3 the arrival
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Fig. 2. Predicted observed luminosity and observed spectral hardness of the electromagnetic
signal from the gravitational collapse of a collapsing core with M = 10Mg, Q = 0.1v/GM at
z = 1 as functions of the arrival time t,.

time interval for M ranging from M ~ 10Mg to 103Me), keeping Q = 0.1v/GM.
The arrival time interval is very sensitive to the mass of the black hole:

Aty ~ 1072107 1s. 9)

Similarly the spectral hardness of the signal is sensitive to the ratio Q/vGM 37.
Moreover the duration, the spectral hardness and luminosity are all sensitive to the
cosmological redshift z (see Ref. 37). All the above quantities can also be sensitive
to a possible baryonic contamination of the plasma due to the remnant of the
progenitor star which has undergone the process of gravitational collapse.
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Fig. 3. Arrival time duration of the electromagnetic signal from the gravitational collapse of a
stellar core with charge Q@ = 0.1v/GM as a function of the mass M of the core.

5. Conclusions

The above results were obtained considering ete™ plasma without any baryonic
contamination and are therefore directly relevant for short-bursts 3. The charac-
teristic spectra, time variabilities and luminosities of the electromagnetic signals
from collapsing overcritical stellar cores, here derived from first principles, agrees
very closely with the observations of short-bursts 8. New space missions must be
planned, with temporal resolution down to fractions of us and higher collecting area
and spectral resolution than at present, in order to verify the detailed agreement
between our model and the observations. It is now clear that if our theoretical
predictions will be confirmed, we would have a very powerful tool for cosmolog-
ical observations: the independent information about luminosity, time-scale and
spectrum can uniquely determine the mass, the electromagnetic structure and the
distance from the observer of the collapsing core, see e.g. Fig. 3 and Ref. 37. In
that case short-bursts may become the best example of standard candles in cosmol-
ogy 2. The introduction we are currently analysing is the introduction of baryonic
matter in the optically thick phase of the expansion of the eTe™ plasma which can
affect the structure of the Proper-GRB (P-GRB) 0 as well as the structure of the
long-bursts 4.

An interesting proposal was advanced in 2002 42 that the eTe™ plasma may have
a fundamental role as well in the physical process generating jets in the extragalac-
tic radio sources. The concept of dyadosphere originally introduced in Reissner-
Nordstréom black hole in order to create the eTe™ plasma relevant for GRBs can
also be generalized to the process of vacuum polarization originating in a Kerr-
Newman black hole due to magneto-hydrodynamical process of energy extraction
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(see e.g. 4% and references therein). The concept therefore introduced in this letter
becomes relevant for both the extraction of rotational and electromagnetic energy
from the most general black hole 4.

After the submission of this letter we have become aware that Ghirlanda et al.
44 have given evidence for the existence of an exponential cut off at high energies
in the spectra of short bursts. We are currently comparing and contrasting these
observational results with the predicted cut off in Fig. 2 which results from the
existence of the separatrix introduced in ?. The observational confirmation of the
results presented in Fig. 2 would lead for the first time to the identification of a
process of gravitational collapse and its general relativistic self-closure as seen from
an asymptotic observer.
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