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3 Brief description

3.1 Highlights of the latest results

In the following highlights, out of the many thousands of GRBs, we focus on
a special set of them, which are representative and can be considered proto-
types for different families of sources. Contrary to the expectations, in fact,
although the sources at first sight appear all different, after a closer theoret-
ical analysis they can be divided in clear classes, of which we give in the
following some prototypical examples. In particular, we are going to quote
the results which have signed a discriminant between different theoretical
model and have been essential in identifying the nature of GRB sources or
their progenitors.

3.1.1 The “canonical” GRB: short vs long GRBs
(GRB991216 and GRB 050315 as the prototypes)

Traditionally, GRBs are divided into two classes, “short” GRBs and “long”
GRBs, arranged in a bimodal distribution with a separation around a dura-
tion Tog ~ 2s (Klebesadel, 1992; Dezalay et al., 1992). We recall that Ty is the
time in which it is emitted the 90% of the energy of the event.

In Ruffini et al. (2001b) we proposed that both short and long GRBs are cre-
ated by the same process of gravitational collapse to a black hole. The energy
source is the e* plasma created in the process of the black hole formation,
which reaches thermal equilibrium on a time scale on the order of ~ 10713 s
(Aksenov et al,,2007) and then it expands as an optically thick and spherically
symmetric “fireshell” with a constant width in the laboratory frame, i.e. the
frame in which the black hole is at rest (Ruffini et al., 1999, 2000). There are
only two free parameters characterizing the source within our model (Ruffini
et al., 2000, 2001b, 2007a):

o the total energy E'Y of the e plasma forming the self-accelerating opti-
cally thick fireshell

o the fireshell baryon loading B = Mgc?/E!!, where Mj is the total
baryons’ mass.

These two parameters fully determine the optically thick self-acceleration
phase of the fireshell, which lasts until the transparency condition is reached
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3 Brief description

and the Proper-GRB (P-GRB) is emitted. After the transparency point the
self-acceleration phase ends and it remains only an optically thin fireshell of
baryonic matter ballistically expanding with an initially ultrarelativistic ve-
locity and loosing its kinetic energy via the interaction with the CircumBurst
Medium (CBM).

Therefore, we define a “canonical GRB” light curve with two sharply dif-
ferent components (see Fig. and [Ruffini et al.,, 2001b, |2007a; Bernardini
et al., 2007; |Bianco et al., 2008alb):

e The P-GRB, which is emitted when the optically thick fireshell becomes
transparent. It depends only on E!? and B. It has the imprint of the

black hole formation, an harder spectrum and no spectral lag (Bianco
et al., 2001 |Ruffini et al., 2005d).

o the afterglow, which is due to the collision between the leftover op-
tically thin fireshell and the CBM (Ruffini et al., 2001b| 2007a; Bianco
and Ruffini, 2004, 2005b,a). It depends on E!% and B but its temporal
structure depends also on the additional parameters describing the ef-
fective CBM distribution: its density 7.y, and the ratio R = A,fr/ Ay;s
between the effective emitting area of the fireshell A,¢r and its total vis-
ible area A;;s. It presents a clear hard-to-soft spectral evolution in time
and it is composed by a rising part, a peak and a decaying tail (Ruffini
et al., |2002al, 2004b, 2005c¢; [Bernardini et al., 2005al; Ruffini et al., |2006bj
Dainotti et al., 2007).

A major effort is currently being made in clarifying what in the literature is
called “prompt emission” which, within our theory, is composed by both the
P-GRB and the peak of the afterglow (see Fig.3.T).

The ratio between the total time-integrated luminosity of the P-GRB (namely,
its total energy) and the corresponding one of the afterglow is the crucial
quantity for the identification of GRBs’ nature (Ruffini et al., 2001b):

e When B < 10~ we have a P-GRB dominated event (in the limit B — 0
the afterglow vanishes).

¢ In the opposite limit, for 107% < B < 102 we have an afterglow dom-
inated GRB, and this is indeed the case of most of the GRBs we have
recently examined (see e.g. Fig. 3.2).

Our effort on this topic is currently threefold (see details in section [H.1):

e The so-called “prompt emission” light curves of many GRBs present a
small pulse preceding the main GRB event, with a lower peak flux and
separated by this last one by a quiescent time. The nature of such GRB
“precursors” is one of the most debated issues in the current literature
(see Burlon et al., in press). Our aim is to show, by direct computa-
tions within our model of the temporal separation and intensity ratio
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Figure 3.1: The “canonical GRB” light curve theoretically computed for GRB
991216. The prompt emission observed by BATSE is identified with the peak
of the afterglow, while the small precursor is identified with the P-GRB. For
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3.1 Highlights of the latest results

between the P-GRB and the peak of the afterglow, that such precursors
must be identified with the P-GRBs, as in the case of GRB 991216 (see

Fig.[3.1).

e A major effort is currently being pursued to establish a new GRB clas-
sification based on the source physical properties and not on the mere
measurement of the Tog duration. Within our framework, in fact, while
the P-GRBs has a very well defined time scale due to the reaching of
transparency, the long GRBs are simply identified with the peaks of the
afterglow (see Figs.[3.11{3.2). As such, they cannot have an intrinsic time
scale: their duration is just a function of the instrumental noise thresh-
old (Ruffini et al., 2006a). This prediction has been strongly supported
by the Swift observations (see e.g. the case of GRB 050315 reported in

Fig.[3.3).

e Having so established that the so-called long GRBs class depends on
the instrumental noise threshold and not on intrinsic properties of the
source, we will see in the next report a clarification on the nature of the
short GRBs made possible by the theoretical interpretation of a family
of GRBs identified by Norris and Bonnell (2006) and characterized by
“an occasional softer extended emission lasting tenths of seconds after
an initial spikelike emission”. The nature of these sources has been un-
derstood on the ground of fitting the fireshell model to GRB 970228 as
a prototype (Bernardini et al., 2007) and confirmed in GRB 0606014.

3.1.2 GRBs without SNe: binary mergers (GRB 0606014 as
the prototype)

A source which has represented the strongest challenge to the traditionally
accepted GRB scenario is GRB 0606014 (Gehrels et al., 2006; Mangano et al.,
2007, , see detailed analysis in section [H.2), observed by Swift and VLT. The
tirst remarkable peculiarity of this GRB is that it is the first nearby long dura-
tion GRB clearly not associated with a bright Type Ib/c supernova (SN) (Della
Valle et al., 2006; Gal-Yam et al., 2006). This has infringed the commonly ac-
cepted collapsar scenario, according to which long duration GRBs (Tgg > 2s)
are thought to be produced by SN events during the collapse of massive stars
in star forming regions (Woosley, 1993). The observations of broad-lined
and bright type Ib/c SNe associated with GRBs are often reported to favor
this scenario (Woosley and Bloom), 2006, and references therein). The ansatz
has been advanced that every long GRB should have a SN associated with it
(Zhang et al.,|2006b). Consequently, in all nearby long GRBs (z < 1) the SN
emission should be observed.

The second novelty of GRB 060614 is that it challenges the traditional sep-
aration between Long Soft GRBs and Short Hard GRBs, being a source of the
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0.2 — 10 kev (blue line) energy bands compared with XRT observations of
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to different possible instrumental thresholds. It is clear that long GRB dura-
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(2006a).
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3.1 Highlights of the latest results

Norris and Bonnell (2006) kind (see above section 3.1.T). In fact, in its15—
150keV light curve it presents a short, hard and multi-peaked episode (about
5s). Such an episode is followed by a softer, prolonged emission that mani-
fests a strong hard to soft evolution in the first 400s of data (Mangano et al.,
2007).

The softer extended emission appears to have a peak luminosity smaller
than the one of the initial spikelike emission. This has misled the under-
standing of the correct role of the afterglow. As we show in section (see
also Bernardini et al., 2007), we have successfully identified the initial spike-
like emission with the P-GRB and the softer extended emission with the peak
of the afterglow (see Fig. [3.4). Within the fireshell model, we have performed
the fit of the observed light curves in the 15-150keV energy band, correspond-
ing to the -ray emission, and in the 0.2-10keV energy band, corresponding
to the X-ray component. From the theoretical simulations we have derived
the total initial energy Efoit and the value of B (see section . Moreover, a
very small average CBM density (~ 10~ >particles/cm~3), typical of galactic
halos, has been inferred. Our analysis put forward three main results:

e GRB 060614 represents an additional fundamental progress in clarifying
the role of the CBM density in determining the GRB morphology. It
confirms the results presented in GRB970228 (Bernardini et al., |2007),
that is the prototype of the new class of “fake” short GRBs, or, better,
of canonical GRBs “disguised” as short ones. The sharp spiky emission
corresponds to the P-GRB, and the softer extended emission to the peak
of the afterglow.

e They correspond to canonical GRBs with a baryon loading B > 1073
and an afterglow emission energetically predominant with respect to
the P-GRB one: as we have shown, the time-integrated afterglow lumi-
nosity is much larger than the P-GRB one.

e Moreover, the peak luminosity of the P-GRB is much larger than the
afterglow one, due to the low average CBM density and it is neither
intrinsic to the progenitor nor to the black hole.

We then conclude:

e The low value of the CBM density is compatible with a galactic halo
environment.

e This result points to an old binary system as the progenitor of GRB
060614 and well justify the absence of an associated SN Ib/c event (see
also Davies et al., 2007). Such a binary system departed from its origi-
nal location in a star forming region and spiraled out in a low density
region of the galactic halo (see e.g.[Kramer, in press).
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Figure 3.4: Upper panel: the BAT 15-150keV light curve (green points) at
1s time resolution is compared with the corresponding theoretical afterglow
light curve we compute (red line). The onset of the afterglow is at the end
of the P-GRB (qualitatively sketched in blue lines and delimited by dashed
gray vertical lines). Therefore the zero of the temporal axis is shifted by 5.5s
with respect to the BAT trigger time. In the upper right corner there is an en-
largement of the P-GRB at 50ms time resolution (reproduced from Mangano
et al., 2007), showing its structure. Lower panel: the XRT 0.2-10keV light
curve (green points) is compared with the corresponding theoretical after-
glow light curve we compute (blue line). Also in this case we have a good
correspondence between data and theoretical results. For completeness, the
red line shows again the theoretical afterglow light curve in the 15-150keV
energy range.
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3.1 Highlights of the latest results

e The energetic of this source is about two orders of magnitude smaller
than the one of GRB970228 (Bernardini et al., |2007). A natural expla-
nation is that instead of a neutron star - neutron star merging binary
system we are in presence of a white dwarf - neutron star binary. This
would explain also the variability of the P-GRB. The observations of
GRB 060614 offers in fact the opportunity, for the first time, to analyze
in detail the structure of a P-GRB lasting 5s. This feature can be directly
linked to the physics of the gravitational collapse originating the GRB.

These result points to the possibility that the majority of GRBs declared as
shorts (see e.g. Piro, 2005) are likely “disguised” short GRBs of the Norris
and Bonnell| (2006) kind. However, a possible exception to this is discussed
in the next section.

3.1.3 P-GRB dominated GRBs (GRB 050509B as the
prototype)

As we introduced in[3.1.T} the baryon loading is the key parameter to classify
GRBs. If B < 10~ (this value slightly depends on the energy of the GRB, see
section for details) we obtain a light curve that is “P-GRB dominated”,
since the total energy emitted in the whole afterglow is lower than the one
emitted in the P-GRB (see Fig.[3.5). Our aim is to investigate if this is indeed
the case of GRB 050509B (Gehrels et al., 2005). We performed two different
analysis (see details in section [H.3): first, we assume B = 3.7 x 1073, then
B=11x10"*

In the first analysis we identified the prompt emission of this GRB (BAT
data) with our P-GRB and we fitted the afterglow to the other data in X-
rays. In this case, we have the total energy of the GRB estimated in E!% =

2.11 x 10*® erg. The P-GRB has an energy of Ep_grp = 1.6 x 1047 erg, it means
that more then 90% of the energy is released in the afterglow. Therefore in this
case GRB 0505098 is not a P-GRB dominated GRB.

In the second analysis we fit the BAT data as the peak of the afterglow. The
P-GRB is very energetic Ep_grp = 3.30 x 10* erg in comparison with the
afterglow, and we argue that it was not visible because its peak energy would
be about 817 keV. In this case the energy of the GRB is E!Y = 5.07 x 10% erg,
and this implies that the energy emitted on the P-GRB is almost 60% of the
total one. This means that this GRB is indeed a P-GRB dominated GRB but
in this case the P-GRB was not detected since it was above the BAT limit (Bat
sensitivity is up to 150 keV).

In order to distinguish between the two analyses we can use the Amati
relation (Amati et al., 2002, see also[3.1.5). None of these two approaches to
the study of GRB 050509B are in agreement with the Amati relation. As it is
valid just for “long” GRBs (see section we can conclude that the first
interpretation is not correct.
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Figure 3.5: Here the energies emitted in the P-GRB (red line) and in the af-
terglow (green line), in units of the total energy of the plasma, are plotted
as functions of the B parameter. When B < 1072, the P-GRB becomes pre-
dominant over the afterglow, giving rise to a P-GRB dominated GRB. In the
tigure are also marked in blue the values of the B parameters corresponding
to some GRBs we analyzed, all belonging to the class of long GRBs, together
with the GRB060614 one (thick brown line, see section 3.1.2).
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e GRB 050509B is indeed a P-GRB dominated GRB, since it is out of the
Amati relation (the expected peak energy for the P-GRB is 817 keV), like
the other “short” GRBs (see [3.1.5). The new missions as Fermi-GLAST
and AGILE looking at high energy emission from GRBs will be very
important to observe P-GRB dominated GRBs and to understand the
very new physics they can teach us.

3.1.4 Prompt emission and X-ray flares: the clumpiness of
CBM (GRB 060607A as the prototype)

GRB 060607A is a very distant (z = 3.082 Ledoux et al,, 2006) and energetic
event (Ej;, ~ 102 erg Molinari et al., 2007). Its BAT light curve shows a
double-peaked structure with a duration of Toy = (100 & 5) s (Tueller et al.,
2006). The time-integrated spectrum over the Ty is best fit with a simple
power-law model with an index I' = 1.45 £ 0.08 (Guidorzi, private commu-
nication). The XRT light curve shows a prominent flaring activity (at least
three flares) superimposed to the normal afterglow decay (Page et al., 2006).

e GRB 060607A main peculiarity is that the peak of the near-infrared (NIR)
afterglow has been observed with the REM robotic telescope (Molinari
et al., 2007). Interpreting the NIR light curve as corresponding to the
afterglow onset as predicted by the fireball forward shock model (Sari
and Piran, 1999; Meszaros, 2006), it is possible to infer the initial Lorentz
gamma factor of the emitting system that results to be I'; ~ 400 (Moli-
nari et al.,|2007; Covino et al., 2007; Jin and Fan, 2007). Moreover, these
measurements seem to be consistent with an interstellar medium envi-
ronment, ruling out the wind-like medium (Molinari et al.,2007; Jin and
Fan|, 2007).

o We analyze GRB 060607 A (see the detailed analysis in section[H.4) within
the fireshell model (Ruffini et al., 2001c)b, 2007a). The initial Lorentz
gamma factor of the fireshell obtained adopting the exact solutions of
its equations of motions (Bianco and Ruffini, 2005a) and as initial con-
dition the free parameters of the fireshell estimated is v, = 328.

e We deal only with the BAT and XRT observations, which are the basic
contribution to the afterglow emission according to the fireshell model.
We do not deal with the infrared emission that, on the contrary, is used
in the current literature to estimate the dynamical quantities of the fire-
ball in the forward external shock regime. Nevertheless, the initial value
of Lorentz gamma factor we predict is compatible with the one de-
duced from the REM observations even under very different assump-
tions, I's ~ 400 (Molinari et al., 2007 Covino et al., 2007} Jin and Fan,
2007).

719



3 Brief description

e According to the “canonical GRB” scenario (Rutffini et al., 2001b| 2007a)

we interpret the whole prompt emission as the peak of the afterglow
emission, and the remaining part of the light curve with the decaying
tail of the afterglow. We find from our theoretical computations (see

3.1.1) that the P-GRB total isotropic energy is Ep_grp = 1.9%E[ =

4.7 x 10°! erg, hence the P-GRB results to be undetectable if we assume
a duration At, ¢, 2 10 s. The theoretical light curves obtained are well
in agreement with the observations in all the Swift BAT energy bands
(15-25 keV, 25-50 keV, 50-100 keV, 100-150 keV, see Fig. B.6).

We then turn to the analysis of the GRB 060607 A prompt emission time-
integrated spectrum. As discussed in previous works (Ruffini et al.,
2004b, 2005¢; [Bernardini et al., 2005a), even if the fireshell model as-
sumes that the GRB spectrum is thermal in the comoving frame, the
shape of the final spectrum in the laboratory frame is clearly non-thermal.
In fact each single instantaneous spectrum is the result of a convolu-
tion of thermal spectra. In fact photons observed at the same arrival
time are emitted at different comoving time (the so called EQTS, see
also section Bianco and Ruffini, 2004, 2005b), hence with different
temperatures. This calculation produces a non-thermal instantaneous
spectrum in the observer frame. This effect is enhanced if we calculate
the time-integrated spectrum: we perform two different integrations,
one on the observation time and one on the EQTS, and what we get is
a typical non-thermal power-law spectrum which results to be in good
agreement with the observations.

We analyzed the X-ray flares observed by Swift XRT (0.2 — 10 keV) in
the early part of the decaying phase of the afterglow. According to the
fireshell model these flares have the same origin of the peaks observed
in the prompt emission, namely they are produced by the interaction
of the fireshell with overdense CBM. We found initially that our theo-
retical light curve is not compatible with the observations of the first
flare while it is in agreement with the second one (see Fig. lower
right panel). This discrepancy is due to the simple modeling adopted,
namely the CBM is arranged in spherical shells (Ruffini et al., 2002a).
This approximation fails when the visible area of the fireshell is com-
parable with the size of the CBM clouds. This is indeed the case of
the first flare, which is produced by the interaction with a CMB clump
very small compared with the fireshell visible area. Following the re-
sults obtained for GRB 011121 (see [A.I0), we tried to fit the first flare
accounting for the three-dimensional structure of the CBM clouds. We
“cut” the emission at a certain angle 0,,,; from the line of sight cor-
responding to the transverse dimension of the CBM cloud which, we
recall, is for the first flare very small (dejump = TcrumpSinOcrump ~ 101
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ts (#(cm®s))
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Figure 3.6: Upper panel: Swift BAT light curve (green points) in two energy
bands (25-50 kev, right panel and 50-100 keV, left panel) compared with the
theoretical one (red lines). Lower panel: Swift XRT (0.2-10 keV) light curve
(green points) compared with, respectively, the theoretical one obtained as-
suming the CBM distributed in spherical shells (left panel), the theoretical
one obtained imposing a finite transverse dimension for the CBM cloud (right
panel).
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cm ~ 10734 Fireshell, Where dejyp and d girespen are respectively the CMB
clump and the fireshell transverse dimensions, and 7, is the distance
of the clump from the source). We obtain in this way a flare whose du-
ration Jt/t; is compatible with the observation (see Fig. and it is
indeed a confirmation that it is possible to obtain arbitrarily short flares
by the interaction with the CBM.

3.1.5 GRBs as distance indicators: the Amati relation

The very frequent detections of gamma-ray bursts (GRBs) up to very high
redshifts (z = 6.7) make them essential as cosmological indicators, comple-
mentary to supernovae la, which are observed only up to small redshifts
(z=1.7 Leibundgut, 2001} Riess et al., 2001).

One of the hottest topics on GRBs is indeed the possible existence of em-
pirical relations between GRB observables, which may lead, if confirmed, to
using GRBs as cosmological probes of models universe.

The first empirical relation, discovered when analyzing the BeppoSAX so-
called “long” bursts with known redshift, was the “Amati relation”. It was
found that the isotropic-equivalent radiated energy of the prompt emission
Eis, is correlated with the cosmological rest-frame vF, spectrum peak energy
E,i: Epi & (Ejs)", with a = 0.52 4 0.06. The existence of the Amati rela-
tion has been confirmed by studying a sample of GRBs discovered by Swift,
with a = 0.49f8:8§. Many others empirical relations exist, some are three pa-
rameters relations while others are constituted only by two parameter such
as the Amati one. Among the two parameters correlations the following are
worth noting E, — Epe (Ghirlanda et al) 2004, 2006), L — E . (Schaefer,
2003), L — T4 (Norris et al., 2000), L — V (Fenimore and Ramirez-Ruiz, 2000;
Reichart et al., 2001), L — Tgry.

Some of them are purely phenomenological, such as L — E; while others
are based on assumptions and are dependent on models, basically the stan-
dard fireball model, such as for example E., — Epeak, L — V. Some correlations
assume spherical symmetry, such as the Amati relation, while others assume
collimated (jet) emission, such as E;so — E, — t;,. Moreover, three-parameter
have also been proposed such as, e.g.,the E;so — E,, — t;, one

(Liang and Zhang, 2005) and that proposed by (Firmani et al., 2005, 2006).
Among the crucial issues raised by the Amati relation as well as the oth-
ers, there are their theoretical explanations and their possible dependence on
the assumed cosmological model. A possible theoretical explanation of the
Amati relation is given by (Guida et al., 2008) within the framework of the
fireshell model (details in section[H.5).

The basic statements of our approach are the following;:

e Only the entire afterglow emission is considered in establishing our E,
- E4f; relation.
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e From this assumption one derives, in a natural way, that the Amati re-
lation holds only for long GRBs, where the P-GRB is negligible, and not
for short GRBs.

¢ Finally the relation is independent of the assumed cosmological model.

The completion of the Ej, — E, ¢; relation has been made possible thanks to
the Swift satellite, that has for the first time a high quality data in selected
energy bands from the GRB trigger time all the way to the latest afterglow
phases. This has given us the opportunity to apply our theoretical “fireshell”
model, thereby obtaining detailed values for its two free parameters, namely
for the total energy Ef; and the baryon loading B of the fireshell, as well as for
the effective density and filamentary structure of the CBM. From this we were
able to compute multi-band light curves and spectra, both instantaneous and
time-integrated, compared with selected GRB sources, such as GRB 050315.

We examined a set of “gedanken” GRBs, all at the same cosmological red-
shift of GRB 050315. Such a set assumes the same fireshell baryon loading
and effective CBM distribution as GRB 050315 and each “gedanken” GRB
differs from the others uniquely by the value of its total energy Ef:t We
then considered a second set of “gedanken” GRBs, differing from the pre-
vious one by assuming a constant effective CBM density instead of the one
inferred for GRB 050315. In both these sets, we looked for a relation between
the isotropic-equivalent radiated energy of the entire afterglow E,¢; and the

corresponding time-integrated vF, spectrum peak energy E,:
Ep o< (Egpp)” (3.1.1)

Our relation extends over two orders of magnitude in energy, from 10°! to
10° erg, and is well-fitted by a power law E, « (E, £t)" with a = 0.45 & 0.01
(see Fig. B.7). We emphasize that such a power-law slope strictly agrees with
the Amati relation, namely Ep,i o (Ejs)", witha = O.49J_r8:82. We recall that
Ey is the observed peak energy; i.e., it is not rescaled for the cosmological
redshift, because all the “gedanken” GRBs of the set are at the same redshift
of GRB 050315, namely z = 1.949. The normalization is clearly different from
the Amati one.

In the second set of “gedanken” GRBs, built assuming a constant effective
CBM density ~ 1 particle/cm?, instead of the one specifically inferred for
GRB 050315, there in no relation between Ej, and E, ;.

Let’s now turn to the analogies and differences between our E,-E,; rela-
tion and the Amati one,
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Figure 3.7: The E, — E,; relation: the results of the simulations of the first
set of “gedanken” GRBs (red points) are well-fitted by a power law (black
line) Ej o (Eqf¢)" with a = 0.45 & 0.01. The blue points are the results of the

extension of the first set above 103 erg.

e Our analysis excludes the P-GRB from the prompt emission, extends all
the way to the latest afterglow phases.

o Itisindependent of the assumed cosmological model, since all “gedanken”
GRBs are at the same redshift.

e The Amati relation, on the other hand, includes the P-GRB, focuses only
on the prompt emission, being therefore influenced by the instrumental
threshold that fixes the end of the prompt emission, and depends on the
assumed cosmology. This might explain the intrinsic scatter observed
in the Amati relation.

3.1.6 The afterglow luminosity evolution over the
equitemporal surfaces

It is widely accepted that Gamma-Ray Burst (GRB) afterglows originate from
the interaction of an ultrarelativistically expanding shell into the CircumBurst
Medium (CBM). Differences exists on the detailed kinematics and dynamics
of such a shell, as well as on the radiative regime involved (see e.g. Bianco
and Ruffini, 2005a; [Meszaros, 2006, and references therein).

Due to the ultrarelativistic velocity of the expanding shell (Lorentz gamma
factor v ~ 102 — 103), photons emitted at the same time in the laboratory
frame (i.e. the one in which the center of the expanding shell is at rest) from
the shell surface but at different angles from the line of sight do not reach
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the observer at the same arrival time. Therefore, what we would see if we
were able to resolve spatially the GRB afterglows would be not the spherical
surface of the shell but the EQuiTemporal Surface (EQTS), defined as the sur-
face locus of points which are source of radiation reaching the observer at the
same arrival time (see e.g. Sari, 1998; |Panaitescu and Meszaros, (1998a; Granot
et al.,|1999; Bianco et al., 2001 |[Bianco and Ruffini|, 2004} 2005b, and references
therein).

The knowledge of the exact shape of the EQTSs is crucial, since any the-
oretical model must perform an integration over the EQTSs to compute any
prediction for the observed quantities (see e.g. (Gruzinov and Waxman), 1999;
Bianco and Ruffini, 2004, 2005b; Meszaros, 2006; Huang et al., 2006, 2007, and
references therein). One of the key problem is therefore the angular size of the
visible region of each EQTS, as well as the distribution of the luminosity over
such a visible region. In particular, if the luminosity is maximum along the
line of sight, GRB afterglows would appear as point-like or circle-like sources
in the sky, while, if it is maximum at the boundaries of the visible region,
they would appear as rings (see e.g.Waxman, 1997} Sari, |1998; Panaitescu and
Meszaros, [1998a; Granot et al.,[1999; Waxman et al., 1998} |Galama et al., 2003}
Granot and Loeb, 2003} Taylor et al., 2004, and references therein). This is cru-
cial also for the inferences on possible beaming angles (see e.g. Panaitescu,
2006; Bianco and Ruffini, 2006, and references therein).

In Bianco and Rutffini| (2005a) there have been presented the analytic so-
lutions of the equations of motion for Gamma-Ray Burst (GRB) afterglow,
compared with the approximate solutions usually adopted in the current
literature, both in the fully radiative and adiabatic regimes. In Bianco and
Ruffini| (2004, 2005b)) there have been presented the corresponding analytic
expressions for the EQTSs. Starting from these premises, we here present the
distribution of the afterglow bolometric luminosity over the visible region
of a single EQTSs within the fireshell model for GRBs (see the following re-
port about “Relativistic effects in Physics and Astrophysics”for details and
e.g. Ruffini et al., 2007a, and references therein). The computation is sepa-
rately performed over different selected EQTSs encompassing all the after-
glow regimes, from the prompt emission all the way to the latest phases. The
temporal evolution of the luminosity distribution over the EQTSs’ visible re-
gion is also therefore presented (see Fig. [3.8).

3.1.7 GRBs and SNe: the induced gravitational collapse

The Collapsar model (Woosley, 1993;|Paczynski| 1998; MacFadyen and Woosley,
1999;Zhang et al., 2003) proposes that GRBs arise from the collapse of a single
Wolf-Rayet star endowed with fast rotation. This idea is purported by the evi-
dence that many GRBs are close to star-forming regions and that this suggests
that GRBs are linked to cataclysmic deaths of massive stars (M > 30M). In
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Figure 3.8: We plot the luminosity density over 8 different EQTSs, corre-
sponding to arrival time values ranging from the early to the late afterglow
phases. The orange lines represent the boundaries of the visible regions.
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such a model very massive stars are able to fuse material in their centers all
the way to iron, at which point a star cannot continue to generate energy by
fusion and collapses, in this case, immediately forming a black hole. Matter
from the star around the core rains down toward the center and (for rapidly
rotating stars) swirls into a high-density accretion disk. The mass of the ac-
cretion disk is around 0.1 M. The infall of this material into the black hole is
assumed to drive a pair of jets (with opening angles < 10 degrees) out along
the rotational axis, where the matter density is much lower than in the accre-
tion disk, toward the poles of the star at velocities approaching the speed of
light, creating a relativistic shock wave at the front (Blandford and McKee,
1976). The processes of core collapse and of accretion along the polar column
and the jet propagation through the stellar envelope all together last ~ 10
sec (MacFadyen and Woosley, [1999). The jet, as it passes through the star,
is modulated by its interaction with the surrounding medium. In this way
the Collapsar model attempts to explain the time structure of GRB prompt
emission and to produce the variable Lorentz factor necessary for the inter-
nal shocks occurrence (Woosley and Bloom, 2006). Moreover it is a prediction
of this model that the central engine remains active for a long time after the
principal burst is over, potentially contributing to the GRB afterglow (Bur-
rows et al., 2005b).

Three very special conditions are required for a star to evolve all the way to
a gamma-ray burst according to this theory: the star should be very massive
(25M, (Woosley (1993), 35 — 40M., on the main sequence Fryer et al. (1999))
to form a central black hole, the star rapidly rotates to develop an accretion
torus capable of launching jets, and the star should have low metallicity in
order to strip off its hydrogen envelope so the jets can reach the surface. As
a result, gamma-ray bursts are far rarer than ordinary core-collapse super-
novae, which only require the star to be massive enough to fuse all the way
to iron.

The consensus and the difficulties for the Collapsar model can be simply
summarized:

e Langer (2006) asserts that long gamma-ray bursts are found in systems
with abundant recent star formation, low metallicity environment.

e The second evidence in favor of the Collapsar model is that there are
several observed cases where a supernova is practical coeval with GRBs.

e However, strong evidence against the Collapsar model comes from the
fact that there were recently discovered two nearby long gamma-ray
bursts which lacked a signature of any type Ib/c supernova: both GRB
060614 (Della Valle et al., 2006; Gal-Yam et al., 2006, see also above sec-
tion 3.1.2) and GRB 060505 (Fynbo et al.,2006) defied predictions that a
supernova would emerge despite intense scrutiny from ground-based
telescopes.

727



3 Brief description

Within our fireshell model, we recall, the approach is drastically different,
as already introduced in Rutffini et al.| (2001a). In fact in this framework, the
SN which is often observed in temporal and spatial coincidence with the GRB
cannot be interpreted as its progenitor because of the high quantity of ejected
matter from the supernova explosion would prevent the GRB occurrence.
Moreover:

e Itis very unlikely that a core collapse SN produces directly a black hole.

o GRBs originate from gravitational collapses to black holes (see section
B.1.1)). The possible explanation for the GRB-SN connection proposed in
Ruffini et al. (2001a) is that both the GRB and the supernova progenitors
belong to a binary system. Under special conditions it is possible that
the GRB emission triggers the supernova explosion of the companion
star. Alternatively, it is possible that the process of gravitational col-
lapse to a black hole producing the GRB is “induced” by the supernova
Ib/c on a companion neutron star (see Fig.[3.9/and Rutfini et al., 2007b;
Dainotti et al.,[2007). The faintness of this GRB class could be in this case
naturally explained by the formation of the smallest possible black hole,
just over the critical mass of the neutron star (Ruffini, 2006). Moreover
these systems occur in a low density CBM (10~2-1 particle/cm3. We
are still working in collaboration with Professor Arnett on these pos-
sible scenarios in order to clarify the reliability of these proposals or,
eventually, to trace an intermediate situation in which both the systems
(GRB and SN) influence each other.

e Also the observation of the occurrence of “long” GRBs in star forming
regions is explained by identifying the progenitor with a binary system
formed by a neutron star and a star evolved out of the main sequence.

3.1.8 Fermi’s approach to the study of hadronic interactions

The aim of this work is to determinate the total energy via gamma ray pro-
duced from proton-proton collisions in the scenario of the Gamma Ray burst
(GRB).

The pp collision produces pions: 7+, 7~ e 1, where each ¥ decays in two
photons gamma (7° — 27, with probability of 98,798%). In order to achieve
this production of gamma ray, we should before get the multiplicity of pions
in function of the energy of incident proton.

We made the theoretical reconstruction of the work of Fermi[H.6.1.1], where
he made a detailed physical approach of the pion multiplicity via collision
pp- Fermi used three stages and each with a physical tool: first, the dynamic
of the relativistic particle in the center of mass (c.m.) frame of the system,
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Figure 3.9: A sketch summarizing the induced gravitational collapse sce-
nario.
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second, a probabilistic approach of the pions production, and, third, he used
the law of Black Body to get the pions multiplicities.

Although we have reconstructed the interesting physical approach of Fermi
about the pp collisions, it was not still possible to explain this theoretical pro-
cess, from the experimental data. The Fermi approach was basically clas-
sical/relativistic, because in that time the Quantum Electrodynamic (QED)
and the Quantum Chromodynamic (QCD) had not been still developed. But
even currently, after the knowledge of the QED and QCD, it is not possible to
reproduce the experimental curves with theoretical ones.

In the Fermi approach, it has been considered the collision of a proton with
relativistic velocity hitting a rest protonin the laboratory frame (LF). But by
convenience, it has been made the entire mathematical approach in the center
of mass frame. Fermi considered () being the volume of the system during
the collision, therefore, all the protons and pions are inside of (2 in the instant
of the collision. Fermi considered the radius of () equivalent to the Compton
wavelength of the pion (r = Acompton), that is greater than the one of the
proton. In our approach we made a small change: we inserted a parameter
“a” multiplying the Compton wavelength of pion, resulting r = aA. Where
we know the experimental curves of the pions multiplicity, the parameter
“a” help us to fit the theoretical curve with the experimental curve, and then
to hypothesize a physical explanation of the () volume. In the c.m. frame,
the two protons have the same velocity, but in opposite direction, then the
protons have the same Lorentz factor ,. We obtain 7, in function of the
c.m. energy +/s by the Lorentz Invariance, that is defined by the square of the
4-momentum of the system is invariant in time and frame.

Then, Fermi made a probabilistic analysis of “n” particles inside of a vol-
ume (), obtaining the density of states of energies G(s), the number of state
N, (s) in a phase space with energy between /s and /s + d+/s and the prob-
ability to form a state with “n” particles S, (s) (it is well known as statistical
weights). This probabilistic analysis will be useful in the next, thermody-
namic approach. Fermi assumed that the () system is an ensemble micro-
canonical, therefore, it is isolated, and he also assumed that all particles have
the same probability of transition, so they have the temperature associate T,
thus can be treated like a black body. Fermi used the Planck Law for the pro-
tons (bosons) and the Planck Law Modified for the pions (fermions), and also
associated them Stefan-Boltzmann Laws. In this way, Fermi obtained the pi-
ons multiplicity in function of the incident proton energy. In our analysis, the
aim is the multiplicity of the 7%, while Fermi did not study the multiplicity
of each kind of pion singularly. To make this calculation, we assume that the
transferred energy from the protons to the pions is divided equally among
the three kind of pions, since the experimental data give multiplicities almost
equal for the three kinds of pions. Fermi obtained expressions of multiplic-
ity for intermediate energies of the incident proton (classical) and extremely
high energies of incident protons (relativistic), where in the classical case he
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made the treatment in function of the kinetic energy T and in the other case
he made the treatment of the relativistic energy.

The modern approach of the pp collisions, briefly, was to get the Monte
Carlo code that give curves that is with the maximal of agreement with the
experimental curves. In our case we use the SIBYLL code, more precisely the
analytical parametrization of Kelner 2006, for the production of the particles
and gamma rays via pp collisions. Kelner obtained expressions quite simple
for the cross section and for the ¥ multiplicity.

From the comparison between the expressions obtained by Fermi and Kel-
ner, it results that the best fit for the parameter of the radius of the volume
() is a = 5, but even with this fit the two curves diverge for high energies of
incident protons.

In the last section we calculate the production of gamma ray via pp col-
lision in the case of Fireshell model, where we got that the production of
gamma rays, in the GRB scenario, has inferior contribution than 107109, of
total energy of GRB.

3.2 Appendix: The “fireshell’ model for GRBs

3.2.1 GRBs: Historical background

The basic steps leading to the birth of relativistic astrophysics are shortly out-
lined: from the understanding of the thermonuclear evolution of stars, to the
discovery of neutron stars in pulsars and the observations of neutron stars
and black holes in binary X-ray sources. We then recall the pioneering works
of the discovery of Gamma-Ray Bursts (GRBs) and their theoretical explana-
tion, predicting energetics on the order of 10°* ergs, in terms of the blackholic
energy. Finally, we mention the early GRB classification into short and long
GRBs, following the BATSE observations of the CGRO satellite, as well as the
crucial role of the BeppoSAX satellite, leading to the optical identification and
determination of the energetics of GRBs.

3.2.2 The three paradigms identifying the “canonical GRB”

Soon after the first attempt in the year 2000 of interpreting GRB 991216 in a
consistent theoretical framework, our group became aware of the total con-
ceptual new scenario presenting itself in the physics and astrophysics of GRBs.
It was not just a problem of parameters’ fitting in some already known theo-
retical framework. We were in presence of a new conceptual scenario, need-
ing new paradigms to be developed. In three letters published on the same
issue of Astrophysical Journal Letters in 2001, we introduced these three funda-
mental new paradigms (Ruffini et al., 2001c)bja):
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1. The Relative Space-Time Transformation (RSTT) paradigm (Ruffini et al.,
2001c), linking the comoving time, the laboratory time and the time at
the observer, necessary for the description of the GRB phenomenon.

2. The Interpretation of the Burst Structure (IBS) paradigm (Rutffini et al.,
2001b), introducing the novel concept of the Proper-GRB (P-GRB) and
separating it from the afterglow.

3. The GRB-Supernova Time Sequence (GSTS) paradigm (Ruffini et al.,
2001a) introducing the novel concept of induced gravitational collapse.

3.2.3 The optically thick “fireshell”

The fireshell in the Livermore code In appendix “The fireshell in the Liv-
ermore code” we recall the basic hydrodynamics and rate equation for the
electron-positron plasma. Then we outline the numerical code used to evolve
the spherically symmetric general relativistic hydrodynamic equations start-
ing from the dyadosphere. Such a code was not used by us but had already
been developed independently for more general astrophysical scenarios by
Jim Wilson and Jay Salmonson at the Lawrence Livermore National Labora-
tory (see Wilson et al., 1998a)b). In our collaboration, the Livermore code has
been used in order to validate the correct choice among a variety of different
semi-analytic models developed at the University of Rome “La Sapienza”.

The fireshell in the Rome code In appendix “The fireshell in the Rome
code” we first recall the co-variant energy-momentum tensor and the ther-
modynamic quantities used to describe the electron-positron plasma as well
as their expression as functions of Fermi integrals. The thermodynamic equi-
librium of the photons and the electron-positron pairs is initially assumed at
temperature larger than e*e™ pairs creation threshold (T > 1 MeV). The nu-
merical code implementing entropy and energy conservations as well as the
rate equation for the electron-positron pairs is outlined. We recall, as well,
the simulation of different geometries assumed for the fireshell and the es-
sential role of the Livermore code in selecting the correct one among these
different possibilities for the dynamics of this plasma composed uniquely of
electron, positron and photons (PEM pulse). The correct solution resulted
to be the following: the fireshell is expanding in its comoving frame but its
thickness is kept constant in the laboratory frame due to the balancing effect
of the Lorentz contraction. We then examine the equations for the engulf-
ment of the baryon loading as well as the further expansion of the fireshell
composed by electron, positron, photons and baryon (PEMB pulse) up to the
transparency point. We again point out the special role of the Livermore code
in validating our results. Quite in addition of this validation procedures, the
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Livermore code has been essential in evidencing an instability occurring at a
critical value of the baryon loading parameter B = 10~2 (Rulffini et al., 2000).

3.2.4 The optically thin “fireshell”: the afterglow

In appendix “The optically thin “fireshell”: the afterglow” we write the en-
ergy and momentum conservation equations for the interaction between the
Accelerated Baryonic Matter (ABM) pulse and the CircumBurst Medium
(CBM) in a finite difference formalism. We then express these same equa-
tions in a differential formalism to compare our approach with the ones in
the current literature. We write the exact analytic solutions of such differen-
tial equations both in the fully radiative and in the adiabatic regimes.

3.2.5 The “canonical GRB” bolometric light curve

In the appendix “The “canonical GRB” bolometric light curve” we derive
the expression for the bolometric luminosity of the GRB afterglow and we
address the general issue of the possible explanation of the observed sub-
structures in the GRB prompt emission as due to CBM inhomogeneities. On
this topic there exist in the literature two extreme points of view: the one by
Fenimore and collaborators (see e.g. [Fenimore et al., 1996, 1999; Fenimore,
1999) and Piran and collaborators (see e.g. Sari and Piran, |1997; Piran, 1999,
2000, 2001) on one side and the one by Dermer and collaborators (Dermer,
1998; | Dermer et al., [1999; Dermer and Mitman, [1999) 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 CBM,
what they call a fast rise and exponential decay (FRED) shape. This feature is
confirmed by our analysis. However they also conclude, sharing the opinion
by Piran and collaborators, that the variability observed in GRBs is incon-
sistent with causally connected variations in a single, symmetric, relativis-
tic shell interacting with the ambient material (“external shocks”, Fenimore
et al., [1999). In their opinion the solution of the short time variability has
to be envisioned within the protracted activity of an unspecified “inner en-
gine” (Sari and Piran|(1997); see as well Rees and Meszaros| (1994); Panaitescu
and Meszaros| (1998b); Mészaros and Rees (2001); Mészaros| (2002)). On the
other hand, Dermer and collaborators, by considering an idealized process
occurring at a fixed oy = 300, have reached the opposite conclusions and they
purport that GRB light curves are tomographic images of the density distri-
butions of the medium surrounding the sources of GRBs (Dermer and Mit-
man, 1999). By applying the exact formulas derived in previous appendices,
we show that Dermer’s conclusions are correct, and we identify that the “to-
mography” purported by Dermer and Mitman/ (1999) leads to CBM clouds
consistently on the order of ~ 10'* cm. Apparent superluminal effects are in-
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troduced. In our treatment we have adopted a simple spherically symmetric
approximation for the CBM distribution. We show that the agreement of this
approximation with the observations is excellent for Lorentz gamma factors
7 > 150 since the relativistic beaming angle introduced in the previous ap-
pendices provides an effective cut-off to the visible CBM structure. For lower
Lorentz gamma factors, a three dimensional description of the CBM would
be needed and the corresponding treatment is currently in preparation.

We then define the “canonical GRB” light curve with two sharply differ-
ent components: the Proper-GRB (P-GRB), emitted when the optically thick
fireshell of electron-positron plasma originating the phenomenon reaches the
transparency, and the afterglow, emitted due to the collision between the re-
maining optically thin fireshell and the CBM. Our “canonical GRB” scenario
puts a special emphasis on the discrimination between “genuine” and “fake”
short GRBs:

e The “genuine” short GRBs inherit their features from an intrinsic prop-
erty of their sources. The very small fireshell baryon loading, in fact,
implies that the afterglow time-integrated luminosity is negligible with
respect to the P-GRB one.

e The “fake” short GRBs, instead, inherit their features from the environ-
ment. The very small CBM density, in fact, implies that the afterglow
peak luminosity is lower than the P-GRB one, even if the afterglow to-
tal time-integrated luminosity is higher. This deflated afterglow peak
can be observed as a “soft bump” following the P-GRB spike, as in GRB
970228 (Bernardini et al., 2007, 2008), GRB 060614 (Caito et al., 2008),
and the sources analyzed by Norris and Bonnell (2006).

3.2.6 The spectra of the afterglow

In appendix “The spectra of the afterglow”, having shown in the previous
appendices a general agreement between the observed luminosity variability
and our treatment of the bolometric luminosity, we have further developed
the model in order to explain:

a) the details of the observed luminosity in fixed energy bands, which are the
ones actually measured by the detectors on the satellites;

b) the instantaneous as well as the average spectral distribution in the entire
afterglow and;

¢) the hard to soft drift observed in GRB spectra.

The fundamental assumption is introduced that the X and gamma ray ra-
diation during the entire afterglow phase has a thermal spectrum in the co-
moving frame. Theratio R = A,rr/ Ayis between the “effective emitting area”
A.sr of the ABM pulse and its full visible area A is introduced. Due to the
CBM inhomogeneities, composed of clouds with filamentary structure, the
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ABM emitting region is in fact far from being homogeneous. We have justi-
tied the existence of this thermal emission by considering the CBM filamen-
tary structure and its optical thickness (see Ruffini et al., 2005c). The theoreti-
cal prediction for the observed spectra starting from these premises has been
by far the most complex and, in our opinion, the most elegant aspect of the
entire GRB model. In order to compute the luminosity in a fixed energy band
at a given value of the arrival time it is necessary to perform a convolution
over the given EQuiTemporal Surface (EQTS, see Bianco and Ruffini, 2004,
2005b, and the following report about “Relativistic effects in Physics and
Astrophysics”) of an infinite number of elementary contributions, each one
characterized by a different value of Lorentz and Doppler factors. Therefore,
each observed instantaneous spectrum is theoretically predicted to be the re-
sult of a convolution of an infinite number of thermal spectra, each one with
a different temperature, over the given EQTS and its shape is theoretically
predicted to be non-thermal. Moreover, the observed time-integrated spec-
tra depart even more from a thermal shape, being the convolution over the
observation time of an infinite number of non-thermal instantaneous spec-
tra. We confirm in this work the qualitative suggestion advanced by Blin-
nikov et al.| (1999). We then examine the issue of the possible presence or
absence of jets in GRBs in the case of GRB 991216. We compare and con-
trast our theoretically predicted afterglow luminosity in the 2-10 keV band
for spherically symmetric versus collimated emission. At these wavelengths
the collimated emission can be excluded and data analysis confirms spherical
symmetry. In fact, the actual afterglow luminosity in fixed energy bands, in
spherical symmetry, does not have a simple power law dependence on ar-
rival time. This circumstance has been erroneously interpreted, in the usual
presentation in the literature, as a broken power-law supporting the existence
of jet-like structures in GRBs.

3.2.7 On the GRB-SN association

In appendix “On the GRB-SN association” we apply our theoretical frame-
work to the analysis of all the GRBs associated with Supernovae (SNe). We
proceed first to GRB 980425; we go then to GRB 030329; finally, we discuss
the late time emission of GRB 031203 observed by XMM and Chandra. We
summarize the general results of these GRBs associated with SNe and we
make some general conclusions on the relations between GRBs, SNe and the
URCA sources. We finally present some novel considerations about our third
paradigm and the concept of induced gravitational collapse.
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3.2.8 Application to GRB 031203

In appendix “Application to GRB 031203” we show how we are able to pre-
dict the whole dynamics of the process which originates the GRB 031203
emission fixing univocally the two free parameters of the model, E'% and B.
Moreover, it is possible to obtain the exact temporal structure of the prompt
emission taking into account the effective CBM filamentary structure. The
important point we like to emphasize is that we can get both the luminos-
ity emitted in a fixed energy band and the photon number spectrum starting
from the hypothesis that the radiation emitted in the GRB process is thermal
in the co-moving frame of the expanding pulse. We obtain a good agreement
of our prediction with the photon number spectrum observed by INTEGRAL
and, in addition, we predict a specific hard-to-soft behavior in the instanta-
neous spectra. Due to the possibility of reaching a precise identification of
the emission process in GRB afterglows by the observations of the instanta-
neous spectra, it is hoped that further missions with larger collecting area
and higher time resolving power be conceived and a systematic attention be
given to closer-by GRB sources. Despite this GRB is often considered as “un-
usual” (Watson et al., 2004; Soderberg et al., 2004), in our treatment we are
able to explain its low gamma-ray luminosity in a natural way, giving a com-
plete interpretation of all its spectral features. In agreement to what has been
concluded by Sazonov et al| (2004a)), it appears to us as a under-energetic
GRB (E'% ~ 10° erg), well within the range of applicability of our theory,
between 10%® erg for GRB 980425 (Ruffini et al., 2004a} 2007b) and 10°* erg for
GRB 991216 (Ruffini et al., 2003).

3.2.9 Application to GRB 050315

Having used GRB 991216 as a prototype, we were constrained by the absence
of data in the time range between ~ 36 s and ~ 3500 s. This same situation
was encountered, even more extremely, in all the other sources, like e.g. GRB
970228, GRB 980425, GRB 030329, etc. Fortunately, the launch of the Swift
mission changed drastically and positively this situation. We could obtain
a continuous set of data from the prompt emission to the latest afterglow
phases in multiple energy bands.

In appendix “Application to GRB 050315” we discuss how before the Swift
data, our model could not be directly fully tested. With GRB 050315, for the
tirst time, we have obtained a good match between the observational data
and our predicted intensities, in 5 energy bands, with continuous light curves
near the beginning of the GRB event, including the “prompt emission”, all the
way to the latest phases of the afterglow. This certainly supports our model
and opens a new phase of using it to identify the astrophysical scenario un-
derlying the GRB phenomena. In particular:

1. We have confirmed that the “prompt emission” is not necessarily due
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to the prolonged activity of an “inner engine”, but corresponds to the
emission at the peak of the afterglow.

2. We have a clear theoretical prediction, fully confirmed from the obser-
vations, on the total energy emitted in the P-GRB Ep_grp = 1.98 X 1051
erg and on its temporal separation from the peak of the afterglow At? =
51 s. To understand the physics of the inner engine more observational
and theoretical attention should be given to the analysis of the P-GRB.

3. We have uniquely identified the basic parameters characterizing the
GRB energetics: the total energy of the electron-positron plasma E'%' =

1.46 x 10 erg and the baryon loading parameter B = 4.55 x 10~.

4. The “canonical behavior” in almost all the GRB observed by Swift, show-
ing an initial very steep decay followed by a shallow decay and finally
a steeper decay, as well as the time structure of the “prompt emission”
have been related to the fluctuations of the CBM density and of the R
parameter.

5. The theoretically predicted instantaneous photon number spectrum
shows a very clear hard-to-soft behavior continuously and smoothly
changing from the “prompt emission” all the way to the latest afterglow
phases.

After the analysis of the above two sources, only the earliest part of the
afterglow we theoretically predicted, which corresponds to a bolometric lu-
minosity monotonically increasing with the photon detector arrival time, pre-
ceding the “prompt emission”, still remains to be checked by direct observa-
tions. We hope in the near future to find an intense enough source, observed
by the Swift satellite, to verify this still untested theoretical prediction.

As a byproduct of the above results, we could explain one of the long last-
ing unanswered puzzles of GRBs: the light curves in the “prompt emission”
show very strong temporal substructures, while they are remarkably smooth
in the latest afterglow phases. The explanation follows from three factors:
1) the value of the Lorentz -y factor, 2) the EQTS structure and 3) the coinci-
dence of the “prompt emission” with the peak of the afterglow. For ¢ ~ 200,
at the peak of the afterglow, the diameter of the EQTS visible area due to
relativistic beaming is small compared to the typical size of an CBM cloud.
Consequently, any small inhomogeneity in such a cloud produces a marked
variation in the GRB light curve. On the other hand, for v — 1, in the lat-
est afterglow phases, the diameter of the EQTS visible area is much bigger
than the typical size of an CBM cloud. Therefore, the observed light curve
is a superposition of the contribution of many different clouds and inhomo-
geneities, which produces on average a much smoother light curve (details
in |Ruffini et al., 2002a, 2003)).
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3.2.10 Application to GRB 011121

A flare is a large scale activity in excess on the underlying light curve that
manifests as a bump in luminosity rather intense and sharp in the decaying
phase of the afterglow. When the first flare was detected by BeppoSAX, on
the X-Ray light curve of GRB 011121, it was assumed as an extremely peculiar
phenomenon. However, by the advent of the Swift Mission, many flares have
been discovered in the light curves of about the 50% of the total amount of
X-Ray afterglows observed: it was clear that flares are a very typical feature
of GRBs phenomenon.

In our theory the multiwavelenght emission is entirely due to the fully
inelastic collisions of the baryonic remnants of the fireshell with the CBM.
Flares also, as characteristic parts of the afterglow, can be naturally explained
in this context. We realized a first attempt to check this idea analyzing the
burst with the first flare observed: GRB 011121.

3.2.11 Application to GRB 060218

GRB060218 is the best example of a Gamma-Ray Burst (GRB) associated with
a Supernova (SN) Ib/c (Campana et al., 2006a). Its extremely long duration
is unusual, with the longest Tog ever observed (Tog ~ 2100 s). This source
is also interesting since it represents a discriminant between existing GRB
theories: it has been pointed out by Soderberg et al. (2006b) and Fan et al.
(2000) that it is impossible to explain the X- and radio afterglows within the
traditional synchrotron model. They attempted to fit only the late radio data
after ~ 10 s and they attributed the nature of the prompt emission to an
as yet undetermined “inner engine” (see Soderberg et al., 2006b), possibly a
magnetar (Mazzali et al., 2006).

Here we present a detailed fit of the entire X- and v-ray light curves in-
cluding the prompt emission: there is no need here for the prolonged activity
of an inner engine. Therefore we explain the unusually high values of the
observed Toy by our “fireshell” model.

The initial total energy of the electron-positron plasma E'% = 2.32 x 100
erg has a particularly low value, similar to the other GRBs associated with
SNe. For the first time, we observe a baryon loading B = 10~2 which co-
incides with the upper limit for the dynamical stability of the fireshell. The
effective CBM density shows a radial dependence 7., & r~* with 1.0 S a <
1.7 and monotonically decreases from 1 to 10~ particles/cm?. This behavior
is interpreted as being due to a fragmentation in the fireshell. Analogies with
the fragmented density and filling factor characterizing Novae are outlined.
The fit presented is particularly significant in view of the complete data set
available for GRB060218 and of the fact that it fulfills the Amati relation.
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3.2.12 Application to GRB 970228

The discovery by Swift and HETE-2 of an afterglow emission associated pos-
sibly with short GRBs opened the new problematic of their nature and clas-
sification. The observations of GRB 060614 (Gehrels et al., 2006; Mangano
et al., 2007) challenged the standard GRB classification scheme (Klebesadel,
1992; Dezalay et al., [1992) in which the gamma events are branched into two
classes: “short” GRBs (events which last less than ~ 2s) and “long” GRBs
(events which last more than ~ 2s). GRB 060614, indeed, “reveals a first
short, hard-spectrum episode of emission (lasting 5 s) followed by an ex-
tended and somewhat softer episode (lasting ~ 100 s)”: a “two-component
emission structure” (Gehrels et al,, 2006). Moreover, stringent upper limits
on the luminosity of the Supernova possibly associated with GRB 060614
have been established (Della Valle et al., 2006; Gal-Yam et al., 2006). Gehrels
et al. (2006) concluded that “it is difficult to determine unambiguously which
category GRB 060614 falls into” and that, then, GRB 060614, due to its “hy-
brid” observational properties, “opens the door on a new GRB classification
scheme that straddles both long and short bursts” (Gehrels et al., 2006).

These observations motivated Norris and Bonnell (2006) to reanalyze the
BATSE catalog identifying a new GRB class with “an occasional softer ex-
tended emission lasting tenths of seconds after an initial spikelike emission”
(Norris and Bonnell, 2006). In some cases, “the strength of the extended emis-
sion converts an otherwise short burst into one with a duration that can be
tens of seconds, making it appear to be a long burst” (Norris and Bonnell,
2006). Hence, Norris and Bonnell (2006) suggested that the standard “long-
short” GRB classification scheme “is at best misleading” (Norris and Bonnell,
2006).

In this appendix we will propose GRB 970228 (Costa et al., 1997; Frontera
et al.,[1998,2000) as the prototype of these “hybrid” sources, since it shares the
same morphology and observational features. We will show that such “hy-
brid” sources are indeed explainable within our “canonical GRB” scenario
in terms of a peculiarly small average value of the CBM density, compatible
with a galactic halo environment (see also |Bernardini et al., 2007, 2008, and
sec. for details).

We analyze BeppoSAX data on GRB 970228 within the “fireshell” model
and we find that GRB 970228 is a “canonical GRB” as defined in sec.
with the main peculiarity of a particularly low average density of the CBM
(Nepm) ~ 1073 particles/cm?, consistent with a galactic halo environment.
We also simulate the light curve corresponding to a rescaled CBM density
profile with (n,,) = 1 particle/cm®. From such a comparison it follows
that the total time-integrated luminosity is a faithful indicator of the nature
of GRBs, contrary to the peak luminosity which is merely a function of the
CBM density.

Moreover, we investigate how GRB 970228 unveils another peculiarity of
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this class of GRBs: they do not fulfill the “Amati relation”. We provide a
theoretical explanation within the fireshell model for the apparent absence of
such correlation for the GRBs belonging to this new class.
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4 Selected publications before
2005

4.1 Refereed journals

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

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

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

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

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

The “dyadosphere” has been defined as the region outside the horizon of a
black hole endowed with an electromagnetic field (abbreviated to EMBH for
“electromagnetic black hole”) where the electromagnetic field exceeds the crit-
ical value, predicted by Heisenberg & Euler for e* pair production. In a very
short time ( ~ O(h/mc?)) a very large number of pairs is created there. We here
give limits on the EMBH parameters leading to a Dyadosphere for 10M and
10°M. EMBH'’s, and give as well the pair densities as functions of the radial
coordinate. We here assume that the pairs reach thermodynamic equilibrium
with a photon gas and estimate the average energy per pair as a function of the
EMBH mass. These data give the initial conditions for the analysis of an enor-
mous pair-electromagnetic-pulse or “P.E.M. pulse” which naturally leads to
relativistic expansion. Basic energy requirements for gamma ray bursts (GRB),
including GRB971214 recently observed at z=3.4, can be accounted for by pro-
cesses occurring in the dyadosphere. In this letter we do not address the prob-
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lem of forming either the EMBH or the dyadosphere: we establish some in-
equalities which must be satisfied during their formation process.

. R. Ruffini, J.D. Salmonson, ]J.R. Wilson, S.-S. Xue; “On the pair electro-

magnetic pulse of a black hole with electromagnetic structure”; Astron-
omy & Astrophysics, 350, 334 (1999).

We study the relativistically expanding electron-positron pair plasma formed
by the process of vacuum polarization around an electromagnetic black hole
(EMBH). Such processes can occur for EMBH’s with mass all the way up to
6 x 10°M, . Beginning with a idealized model of a Reissner-Nordstrom EMBH
with charge to mass ratio ¢ = 0.1, numerical hydrodynamic calculations are
made to model the expansion of the pair-electromagnetic pulse (PEM pulse)
to the point that the system is transparent to photons. Three idealized special
relativistic models have been compared and contrasted with the results of the
numerically integrated general relativistic hydrodynamic equations. One of
the three models has been validated: a PEM pulse of constant thickness in the
laboratory frame is shown to be in excellent agreement with results of the gen-
eral relativistic hydrodynamic code. It is remarkable that this precise model,
starting from the fundamental parameters of the EMBH, leads uniquely to the
explicit evaluation of the parameters of the PEM pulse, including the energy
spectrum and the astrophysically unprecedented large Lorentz factors (up to
6 x 10% for a 10°M:, EMBH). The observed photon energy at the peak of the
photon spectrum at the moment of photon decoupling is shown to range from
0.1 MeV to 4 MeV as a function of the EMBH mass. Correspondingly the total
energy in photons is in the range of 102 to 10°* ergs, consistent with observed
gamma-ray bursts. In these computations we neglect the presence of baryonic
matter which will be the subject of forthcoming publications.

. R. Ruffini, ].D. Salmonson, J.R. Wilson, S.-S. Xue; “On the pair-electro

magnetic pulse from an electromagnetic black hole surrounded by a
baryonic remnant”; Astronomy & Astrophysics, 359, 855 (2000).

The interaction of an expanding Pair-Electromagnetic pulse (PEM pulse) with
a shell of baryonic matter surrounding a Black Hole with electromagnetic struc-
ture (EMBH) is analyzed for selected values of the baryonic mass at selected
distances well outside the dyadosphere of an EMBH. The dyadosphere, the
region in which a super critical field exists for the creation of e+e- pairs, is here
considered in the special case of a Reissner-Nordstrom geometry. The inter-
action of the PEM pulse with the baryonic matter is described using a simpli-
fied model of a slab of constant thickness in the laboratory frame (constant-
thickness approximation) as well as performing the integration of the general
relativistic hydrodynamical equations. Te validation of the constant-thickness
approximation, already presented in a previous paper Ruffini et al. (1999) for a
PEM pulse in vacuum, is here generalized to the presence of baryonic matter.
It is found that for a baryonic shell of mass-energy less than 1% of the total
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energy of the dyadosphere, the constant-thickness approximation is in excel-
lent agreement with full general relativistic computations. The approximation
breaks down for larger values of the baryonic shell mass, however such cases
are of less interest for observed Gamma Ray Bursts (GRBs). On the basis of
numerical computations of the slab model for PEM pulses, we describe (i) the
properties of relativistic evolution of a PEM pulse colliding with a baryonic
shell; (ii) the details of the expected emission energy and observed tempera-
ture of the associated GRBs for a given value of the EMBH mass; 103M, and
for baryonic mass-energies in the range 107 to 1072 the total energy of the
dyadosphere.

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

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

. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “Relative
spacetime transformations in Gamma-Ray Bursts”; The Astrophysical
Journal, 555, 107 (2001).

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

. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “On the

interpretation of the burst structure of Gamma-Ray Bursts”; The Astro-
physical Journal, 555, L113 (2001).

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

. R. Ruftini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “On a pos-

sible Gamma-Ray Burst-Supernova time sequence”; The Astrophysical
Journal, 555, L117 (2001).

The data from the Chandra satellite on the iron emission lines in the afterglow
of GRB 991216 are used to give further support for the EMBH theory, which
links the origin of the energy of GRBs to the extractable energy of electromag-
netic black holes (EMBHs), leading to an interpretation of the GRB-supernova
correlation. Following the relative space-time transformation (RSTT) paradigm
and the interpretation of the burst structure (IBS) paradigm, we introduce a
paradigm for the correlation between GRBs and supernovae. The following
sequence of events is shown as kinematically possible and consistent with the
available data: a) the GRB-progenitor star P; first collapses to an EMBH, b)
the proper GRB (P-GRB) and the peak of the afterglow (E-APE) propagate
in interstellar space until the impact on a supernova-progenitor star P, at a
distance < 2.69 x 10'7 cm, and they induce the supernova explosion, c) the
accelerated baryonic matter (ABM) pulse, originating the afterglow, reaches
the supernova remnants 18.5 hours after the supernova explosion and gives
rise to the iron emission lines. Some considerations on the dynamical imple-
mentation of the paradigm are presented. The concept of induced supernova
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10.

11.

12.

explosion introduced here specifically for the GRB-supernova correlation may
have more general application in relativistic astrophysics.

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

The relative-space-time-transformation (RSTT) paradigm and the interpreta-
tion of the burst-structure (IBS) paradigm are applied to probe the origin of
the time variability of GRBs. Again GRB 991216 is used as a prototypical case,
thanks to the precise data from the CGRO, RXTE and Chandra satellites. It is
found that with the exception of the relatively inconspicuous but scientifically
very important signal originating from the initial “proper gamma ray burst”
(P-GRB), all the other spikes and time variabilities can be explained by the in-
teraction of the accelerated-baryonic-matter pulse with inhomogeneities in the
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.

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

Using GRB 991216 as a prototype, it is shown that the intensity substructures
observed in what is generally called the “prompt emission” in gamma ray
bursts (GRBs) do originate in the collision between the accelerated baryonic
matter (ABM) pulse with inhomogeneities in the interstellar medium (ISM).
The initial phase of such process occurs at a Lorentz factor oy ~ 310. The cross-
ing of ISM inhomogeneities of sizes AR ~ 10> cm occurs in a detector arrival
time interval of ~ 0.4 s implying an apparent superluminal behavior of ~ 10°c.
The long lasting debate between the validity of the external shock model vs.
the internal shock model for GRBs is solved in favor of the first.

R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “On the
structure of the burst and afterglow of Gamma-Ray Bursts I: the ra-

dial approximation”; International Journal of Modern Physics D, 12, 173
(2003).

We have recently proposed three paradigms for the theoretical interpretation
of gamma-ray bursts (GRBs). (1) The relative space-time transformation (RSTT)
paradigm emphasizes how the knowledge of the entire world-line of the source
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from the moment of gravitational collapse is a necessary condition in order to
interpret GRB data. (2) The interpretation of the burst structure (IBS) paradigm
differentiates in all GRBs between an injector phase and a beam-target phase.
(3) The GRB-supernova time sequence (GSTS) paradigm introduces the con-
cept of induced supernova explosion in the supernovae-GRB association. In the
introduction the RSTT and IBS paradigms are enunciated and illustrated us-
ing our theory based on the vacuum polarization process occurring around
an electromagnetic black hole (EMBH theory). The results are summarized
using figures, diagrams and a complete table with the space-time grid, the
fundamental parameters and the corresponding values of the Lorentz gamma
factor for GRB 991216 used as a prototype. In the following sections the de-
tailed treatment of the EMBH theory needed to understand the results of the
three above letters is presented. We start from the considerations on the dya-
dosphere formation. We then review the basic hydrodynamic and rate equa-
tions, the equations leading to the relative space-time transformations as well
as the adopted numerical integration techniques. We then illustrate the five
fundamental eras of the EMBH theory: the self acceleration of the e*e™ pair-
electromagnetic plasma (PEM pulse), its interaction with the baryonic remnant
of the progenitor star, the further self acceleration of the eTe™ pair-electroma-

-gnetic radiation and baryon plasma (PEMB pulse). We then study the ap-
proach of the PEMB pulse to transparency, the emission of the proper GRB
(P-GRB) and its relation to the “short GRBs”. Particular attention is given
to the free parameters of the theory and to the values of the thermodynam-
ical quantities at transparency. Finally the three different regimes of the af-
terglow are described within the fully radiative and radial approximations:
the ultrarelativistic, the relativistic and the nonrelativistic regimes. The best
fit of the theory leads to an unequivocal identification of the “long GRBs” as
extended emission occurring at the afterglow peak (E-APE). The relative inten-
sities, the time separation and the hardness ratio of the P-GRB and the E-APE
are used as distinctive observational test of the EMBH theory and the excellent
agreement between our theoretical predictions and the observations are docu-
mented. The afterglow power-law indexes in the EMBH theory are compared
and contrasted with the ones in the literature, and no beaming process is found
for GRB 991216. Finally, some preliminary results relating the observed time
variability of the E-APE to the inhomogeneities in the interstellar medium are
presented, as well as some general considerations on the EMBH formation.
The issue of the GSTS paradigm will be the object of a forthcoming publica-
tion and the relevance of the iron-lines observed in GRB 991216 is shortly re-
viewed. The general conclusions are then presented based on the three funda-
mental parameters of the EMBH theory: the dyadosphere energy, the baryonic
mass of the remnant, the interstellar medium density. An in depth discussion
and comparison of the EMBH theory with alternative theories is presented as
well as indications of further developments beyond the radial approximation,
which will be the subject of paper II in this series. Future needs for specific
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GRB observations are outlined.

13. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, V. Gurzadyan, S.-S.
Xue; “On the instantaneous spectrum of gamma ray bursts”; Interna-
tional Journal of Modern Physics D, 13, 843 (2004).

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

4.2 Conference proceedings

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

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

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

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

. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, S.-S. Xue; “The

EMBH Model in GRB 991216 and GRB 980425”; in Proceedings of “Third
Rome Workshop on Gamma-Ray Burst in the Afterglow Era”, 17-20
September 2002; M. Feroci, F. Frontera, N. Masetti, L. Piro, Editors; ASP
Conference Series, 312, 349 (2004).
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This is a summary of the two talks presented at the Rome GRB meeting by C.L.
Bianco and R. Ruffini. It is shown that by respecting the Relative Space-Time
Transformation (RSTT) paradigm and the Interpretation of the Burst Structure
(IBS) paradigm, important inferences are possible: a) in the new physics oc-
curring in the energy sources of GRBs, b) on the structure of the bursts and c)
on the composition of the interstellar matter surrounding the source.

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

We analyze the data of the Gamma-Ray Burst/Supernova GRB030329/
SN2003dh system obtained by HETE-2, R-XTE, XMM and VLT within our the-
ory for GRB030329. By fitting the only three free parameters of the EMBH
theory, we obtain the luminosity in fixed energy bands for the prompt emis-
sion and the afterglow. Since the Gamma-Ray Burst (GRB) analysis is con-
sistent with a spherically symmetric expansion, the energy of GRB030329 is
E =2.1 x 10 erg, namely ~ 2 X 103 times larger than the Supernova energy.
We conclude that either the GRB is triggering an induced-supernova event or
both the GRB and the Supernova are triggered by the same relativistic process.
In no way the GRB can be originated from the supernova. We also evidence
that the XMM observations, much like in the system GRB980425/SN1998bw,
are not part of the GRB afterglow, as interpreted in the literature, but are asso-
ciated to the Supernova phenomenon. A dedicated campaign of observations
is needed to confirm the nature of this XMM source as a newly born neutron
star cooling by generalized URCA processes.

. F. Fraschetti, M.G. Bernardini, C.L. Bianco, P. Chardonnet, R. Ruffini, S.-
S. Xue; “The GRB980425-SN1998bw Association in the EMBH Model”;
in “GAMMA-RAY BURSTS: 30 YEARS OF DISCOVERY”, Proceedings
of the Los Alamos “Gamma Ray Burst Symposium”, Santa Fe, New
Mexico, 8 12 September 2003, E.E. Fenimore, M. Galassi, Editors; AIP
Conference Proceedings, 727, 424 (2004).

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

. A. Corsi, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti, R.

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

We consider the gamma-ray burst of 1997 February 28 (GRB 970228) within the
ElectroMagnetic Black Hole (EMBH) model. We first determine the value of
the two free parameters that characterize energetically the GRB phenomenon
in the EMBH model, that is to say the dyadosphere energy, E;, = 5.1 x
10%? ergs, and the baryonic remnant mass Mg in units of Ej,,, B = Mp %/ Egya =
3.0 x 1073. Having in this way estimated the energy emitted during the beam-
target phase, we evaluate the role of the InterStellar Medium (ISM) number
density (n;sp) and of the ratio R between the effective emitting area and the
total surface area of the GRB source, in reproducing the observed profiles of
the GRB 970228 prompt emission and X-ray (2-10 keV energy band) afterglow.
The importance of the ISM distribution three-dimensional treatment around
the central black hole is also stressed in this analysis.
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1. R. Ruffini, C.L. Bianco, P. Chardonnet, F. Fraschetti, V. Gurzadyan, S.-
S. Xue; “Emergence of a filamentary structure in the fireball from GRB
spectra”; International Journal of Modern Physics D, 14, 97 (2005).

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

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

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

S. Xue; “Theoretical interpretation of luminosity and spectral properties
of GRB 031203”; The Astrophysical Journal, 634, L29 (2005).

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

. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,

S.-S. Xue; Evidence for isotropic emission in GRB991216; Advances in
Space Research, 38, 1291 (2006).

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

. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,

R. Guida, S.-S. Xue; “GRB 050315: A step toward understanding the
uniqueness of the overall GRB structure”; The Astrophysical Journal,
645, L109 (2006).

Using the Swift data of GRB 050315, we are making progress toward under-
standing the uniqueness of our theoretically predicted gamma-ray burst (GRB)
structure, which is composed of a proper GRB (P-GRB), emitted at the trans-
parency of an electron-positron plasma with suitable baryon loading, and an
afterglow comprising the so-called prompt emission due to external shocks.
Thanks to the Swift observations, the P-GRB is identified, and for the first time
we can theoretically fit detailed light curves for selected energy bands on a
continuous timescale ranging over 106 s. The theoretically predicted instanta-
neous spectral distribution over the entire afterglow is presented, confirming
a clear hard-to-soft behavior encompassing, continuously, the “prompt emis-
sion” all the way to the latest phases of the afterglow.
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6. C.L. Bianco, L. Caito, R. Ruffini; “Theoretical interpretation of GRB
011121”7; Il Nuovo Cimento B, 121, 1441 (2006).

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

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

Using the Swift data of GRB 050315, we progress on the uniqueness of our
theoretically predicted Gamma-Ray Burst (GRB) structure as composed by
a proper-GRB (P-GRB), emitted at the transparency of an electron-positron
plasma with suitable baryon loading, and an afterglow comprising the so called
“prompt emission” as due to external shocks. Thanks to the Swift observations,
we can theoretically fit detailed light curves for selected energy bands on a
continuous time scale ranging over 10° seconds. The theoretically predicted
instantaneous spectral distribution over the entire afterglow confirms a clear
hard-to-soft behavior encompassing, continuously, the “prompt emission” all
the way to the latest phases of the afterglow. Consequences of the instrumental
threshold on the definition of “short” and “long” GRBs are discussed.

8. M.G. Bernardini, C.L. Bianco, L. Caito, P. Chardonnet, A. Corsi, M.G.
Dainotti, F. Fraschetti, R. Guida, R. Ruffini, S.-S. Xue; GRB970228 as a
prototype for short GRBs with afterglow; Il Nuovo Cimento B, 121, 1439
(2006).

GRB970228 is analyzed as a prototype to understand the relative role of short
GRBs and their associated afterglows, recently observed by Swift and HETE-IL
Detailed theoretical computation of the GRB970228 light curves in selected en-
ergy bands are presented and compared with observational BeppoSAX data.

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

Context: The Swift satellite has given continuous data in the range 0.3-150 keV
from 0 s to 10° s for GRB060218 associated with SN2006aj. This Gamma-Ray
Burst (GRB) which has an unusually long duration (Top ~ 2100 s) fulfills the
Amati relation. These data offer the opportunity to probe theoretical models
for GRBs connected with Supernovae (SNe).

Aims: We plan to fit the complete - and X-ray light curves of this long dura-
tion GRB, including the prompt emission, in order to clarify the nature of the
progenitors and the astrophysical scenario of the class of GRBs associated with
SNe Ib/c.
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Methods: We apply our “fireshell” model based on the formation of a black
hole, giving the relevant references. It is characterized by the precise equations
of motion and equitemporal surfaces and by the role of thermal emission.
Results: The initial total energy of the electron-positron plasma E!%' = 2.32 x
1050 erg has a particularly low value, similar to the other GRBs associated with
SNe. For the first time, we observe a baryon loading B = 10~2 which coincides
with the upper limit for the dynamical stability of the fireshell. The effective
CircumBurst Medium (CBM) density shows a radial dependence n,, « r™*
with 1.0 < a < 1.7 and monotonically decreases from 1 to 10~° particles/cm?.
This behavior is interpreted as being due to a fragmentation in the fireshell.
Analogies with the fragmented density and filling factor characterizing Novae
are outlined. The fit presented is particularly significant in view of the com-
plete data set available for GRB060218 and of the fact that it fulfills the Amati
relation.

Conclusions: We fit GRB060218, usually considered as an X-Ray Flash (XRF), as
a “canonical GRB” within our theoretical model. The smallest possible black
hole, formed by the gravitational collapse of a neutron star in a binary system,
is consistent with the especially low energetics of the class of GRBs associ-
ated with SNe Ib/c. We provide the first evidence for a fragmentation in the
fireshell. This fragmentation is crucial in explaining both the unusually large
Too and the consequently inferred abnormally low value of the CBM effective
density.

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

Context: The discovery by Swift and HETE-2 of an afterglow emission asso-
ciated possibly with short GRBs opened the new problematic of their nature
and classification. This issue has been further enhanced by the observation of
GRB060614 and by a new analysis of the BATSE catalog which led to the iden-
tification of a new class of GRBs with “an occasional softer extended emission
lasting tenths of seconds after an initial spikelike emission”.

Aims: We plan a twofold task: a) to fit this new class of “hybrid” sources
within our “canonical GRB” scenario, where all GRBs are generated by a “com-
mon engine” (i.e. the gravitational collapse to a black hole); b) to propose
GRB970228 as the prototype of the above mentioned class, since it shares the
same morphology and observational features.

Methods: We analyze BeppoSAX data on GRB970228 within the “fireshell” model
and we determine the parameters describing the source and the CircumBurst
Medium (CBM) needed to reproduce its light curves in the 40-700 keV and
2-26 keV energy bands.

Results: We find that GRB970228 is a “canonical GRB”, like e.g. GRB050315,
with the main peculiarity of a particularly low average density of the CBM
(Nepm) ~ 1073 particles/cm3. We also simulate the light curve corresponding
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to a rescaled CBM density profile with (n,,,) = 1 particle/cm®. From such a
comparison it follows that the total time-integrated luminosity is a faithful in-
dicator of the nature of GRBs, contrary to the peak luminosity which is merely
a function of the CBM density.

Conclusions: We call attention on discriminating the short GRBs between the
“genuine” and the “fake” ones. The “genuine” ones are intrinsically short,
with baryon loading B < 107>, as stated in our original classification. The
“fake” ones, characterized by an initial spikelike emission followed by an ex-
tended emission lasting tenths of seconds, have a baryon loading 104 <B<
1072. They are observed as such only due to an underdense CBM consistent
with a galactic halo environment which deflates the afterglow intensity.

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

Context: The cosmological origin of gamma-ray bursts (GRBs) has been firmly
established, with redshifts up to z = 6.29. They are possible candidates for use
as “distance indicators” for testing cosmological models in a redshift range
hardly achievable by other cosmological probes. Asserting the validity of the
empirical relations among GRB observables is now crucial for their calibration.
Aims: Motivated by the relation proposed by Amati and collaborators, we look
within the “fireshell” model for a relation between the peak energy E, of the
vF, total time-integrated spectrum of the afterglow and the total energy of the
afterglow E, s, which in our model encompasses and extends the prompt emis-
sion.

Methods: The fit within the fireshell model, as for the “canonical” GRB050315,
uses the complete arrival time coverage given by the Swift satellite. It is per-
formed simultaneously, self-consistently, and recursively in the four BAT en-
ergy bands (15-25 keV, 25-50 keV, 50-100 keV, and 100-150 keV), as well as
in the XRT one (0.2-10 keV). It uniquely determines the two free parameters
characterizing the GRB source, the total energy Efoit of the e* plasma and its
baryon loading B, as well as the effective CircumBurst Medium (CBM) distri-
bution. We can then build two sets of “gedanken” GRBs varying the total en-
ergy of the electron-positron plasma Efoit and keeping the same baryon loading
B of GRB050315. The first set assumes the one obtained in the fit of GRB050315
for the effective CBM density. The second set assumes instead a constant CBM
density equal to the average value of the GRB050315 prompt phase.

Results: For the first set of “gedanken” GRBs we find a relation E, o (E,f)",
with a = 0.45 £ 0.01, whose slope strictly agrees with the Amati one. Such
a relation, in the limit B — 1072, coincides with the Amati one. Instead, no
correlation is found in the second set of “gedanken” GRBs.

Conclusions: Our analysis excludes the proper GRB (P-GRB) from the prompt
emission, extends all the way to the latest afterglow phases, and is indepen-
dent of the assumed cosmological model, since all “gedanken” GRBs are at
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the same redshift. The Amati relation, on the other hand, includes the P-GRB,
focuses only on the prompt emission, being therefore influenced by the instru-
mental threshold that fixes the end of the prompt emission, and depends on
the assumed cosmology. This might explain the intrinsic scatter observed in
the Amati relation.

L. Caito, M.G. Bernardini, C.L. Bianco, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB060614: a “fake” short GRB from a merging binary system”; As-
tronomy & Astrophysics, submitted to.

Context: GRB060614 observations by VLT and by Swift have infringed the
traditionally accepted Gamma-Ray Burst (GRB) collapsar scenario that pur-
ports the origin of all long duration GRBs from supernovae. GRB060614 is
the first nearby long duration GRB clearly not associated to a bright Ib/c su-
pernova. Moreover, its duration (Tgp ~ 100s) makes it hardly classifiable as a
short GRB. It presents strong similarities with GRB970228, the prototype of the
new class of “fake” short GRBs that appear to originate from the coalescence
of binary neutron stars or white dwarfs spiraled out into the galactic halo.
Aims: Within the “canonical” GRB scenario based on the “fireshell” model,
we test if GRB060614 can be a “fake”, or, better, “disguised” short GRB. We
model the traditionally called “prompt emission” and discriminate the signal
originating from the gravitational collapse leading to the GRB from the pro-
cess occurring in the CircumBurst Medium (CBM). Methods: We fit GRB060614
light curves in Swift’s BAT (15 — 150keV) and XRT (0.2 — 10keV) energy bands.
Within the fireshell model, light curves are formed by two well defined and
different components: the Proper-GRB (P-GRB), emitted at the fireshell trans-
parency, and the afterglow, due to the interaction between the leftover accel-
erated baryonic shell and the CBM. Results: We determine the two free pa-
rameters describing the GRB source within the fireshell model: the total e*
plasma energy (ES,, = 2.94 x 10>'erg) and baryon loading (B = 2.8 x 1073). A
small average CBM density ~ 10~ 3particles/cm? is inferred, typical of galac-
tic halos. The first spikelike emission is identified with the P-GRB and the
following prolonged emission with the peak of the afterglow. We obtain very
good agreement in the BAT (15 — 150keV) energy band, in what is traditionally
called “prompt emission”, and in the XRT (0.2 — 10keV) one. Conclusions: The
anomalous GRB060614 finds a natural interpretation within our canonical GRB
scenario: it is a “disguised” short GRB. The total time-integrated afterglow lu-
minosity is greater than the P-GRB one, but its peak luminosity is smaller since
it is deflated by the peculiarly low average CBM density of galactic halos. This
result points to an old binary system, likely formed by a white dwarf and a
neutron star, as the progenitor of GRB060614 and well justify the absence of
an associated supernova Ib/c. Particularly important for further studies of the
final merging process are the temporal structures in the P-GRB down to 0.1s.
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1. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,
V. Gurzadyan, L. Vitagliano, S.-S. Xue; “The Blackholic energy: long
and short Gamma-Ray Bursts (New perspectives in physics and astro-
physics from the theoretical understanding of Gamma-Ray Bursts, II)”;
in Proceedings of the XIth Brazilian School on Cosmology and Gravita-
tion, Mangaratiba, Rio de Janeiro (Brazil), July August 2004, M. Nov-
ello, S.E. Perez Bergliaffa, Editors; AIP Conference Proceedings, 782, 42
(2005).

We outline the confluence of three novel theoretical fields in our modeling
of Gamma-Ray Bursts (GRBs): 1) the ultrarelativistic regime of a shock front
expanding with a Lorentz gamma factor ~ 300; 2) the quantum vacuum po-
larization process leading to an electron-positron plasma originating the shock
front; and 3) the general relativistic process of energy extraction from a black
hole originating the vacuum polarization process. There are two different
classes of GRBs: the long GRBs and the short GRBs. We here address the
issue of the long GRBs. The theoretical understanding of the long GRBs has
led to the detailed description of their luminosities in fixed energy bands, of
their spectral features and made also possible to probe the astrophysical sce-
nario in which they originate. We are specially interested, in this report, to a
subclass of long GRBs which appear to be accompanied by a supernova explo-
sion. We are considering two specific examples: GRB980425/SN1998bw and
GRB030329/SN2003dh. While these supernovae appear to have a standard
energetics of 10% ergs, the GRBs are highly variable and can have energetics
10* - 10° times larger than the ones of the supernovae. Moreover, many long
GRBs occurs without the presence of a supernova. It is concluded that in no
way a GRB can originate from a supernova. The precise theoretical under-
standing of the GRB luminosity we present evidence, in both these systems,
the existence of an independent component in the X-ray emission, usually in-
terpreted in the current literature as part of the GRB afterglow. This compo-
nent has been observed by Chandra and XMM to have a strong decay on scale
of months. We have named here these two sources respectively URCA-1 and
URCA-2, in honor of the work that George Gamow and Mario Shoenberg did
in 1939 in this town of Urca identifying the basic mechanism, the Urca pro-
cesses, leading to the process of gravitational collapse and the formation of
a neutron star and a supernova. The further hypothesis is considered to re-
late this X-ray source to a neutron star, newly born in the Supernova. This
hypothesis should be submitted to further theoretical and observational in-
vestigation. Some theoretical developments to clarify the astrophysical origin
of this new scenario are outlined. We turn then to the theoretical develop-
ments in the short GRBs: we first report some progress in the understanding
the dynamical phase of collapse, the mass-energy formula and the extraction
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of blackholic energy which have been motivated by the analysis of the short
GRBs. In this context progress has also been accomplished on establishing an
absolute lower limit to the irreducible mass of the black hole as well as on some
critical considerations about the relations of general relativity and the second
law of thermodynamics. We recall how this last issue has been one of the
most debated in theoretical physics in the past thirty years due to the work of
Bekenstein and Hawking. Following these conceptual progresses we analyze
the vacuum polarization process around an overcritical collapsing shell. We
evidence the existence of a separatrix and a dyadosphere trapping surface in
the dynamics of the electron-positron plasma generated during the process of
gravitational collapse. We then analyze, using recent progress in the solution
of the Vlasov-Boltzmann-Maxwell system, the oscillation regime in the created
electron-positron plasma and their rapid convergence to a thermalized spec-
trum. We conclude by making precise predictions for the spectra, the energy
fluxes and characteristic time-scales of the radiation for short-bursts. If the
precise luminosity variation and spectral hardening of the radiation we have
predicted will be confirmed by observations of short-bursts, these systems will
play a major role as standard candles in cosmology. These considerations will
also be relevant for the analysis of the long-bursts when the baryonic matter
contribution will be taken into account.

. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,

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

We outline the confluence of three novel theoretical fields in our modeling
of Gamma-Ray Bursts (GRBs): 1) the ultrarelativistic regime of a shock front
expanding with a Lorentz gamma factor ~ 300; 2) the quantum vacuum po-
larization process leading to an electron-positron plasma originating the shock
front; and 3) the general relativistic process of energy extraction from a black
hole originating the vacuum polarization process. There are two different
classes of GRBs: the long GRBs and the short GRBs. We here address the
issue of the long GRBs. The theoretical understanding of the long GRBs has
led to the detailed description of their luminosities in fixed energy bands, of
their spectral features and made also possible to probe the astrophysical sce-
nario in which they originate. We are specially interested, in this report, to a
subclass of long GRBs which appear to be accompanied by a supernova explo-
sion. We are considering two specific examples: GRB980425/SN1998bw and
GRB030329/SN2003dh. While these supernovae appear to have a standard en-
ergetics of 10% ergs, the GRBs are highly variable and can have energetics 10*
—10° times larger than the ones of the supernovae. Moreover, many long GRBs
occurs without the presence of a supernova. It is concluded that in no way a
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GRB can originate from a supernova. The precise theoretical understanding of
the GRB luminosity we present evidence, in both these systems, the existence
of an independent component in the X-ray emission, usually interpreted in
the current literature as part of the GRB afterglow. This component has been
observed by Chandra and XMM to have a strong decay on scale of months.
We have named here these two sources respectively URCA-1 and URCA-2, in
honor of the work that George Gamow and Mario Shoenberg did in 1939 in
this town of Urca identifying the basic mechanism, the Urca processes, lead-
ing to the process of gravitational collapse and the formation of a neutron star
and a supernova. The further hypothesis is considered to relate this X-ray
source to a neutron star, newly born in the Supernova. This hypothesis should
be submitted to further theoretical and observational investigation. Some the-
oretical developments to clarify the astrophysical origin of this new scenario
are outlined.

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

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

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

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

. F. Fraschetti, M.G. Bernardini, C.L. Bianco, P. Chardonnet, R. Ruffini,

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

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

. R. Ruffini, M.G. Bernardini, C.L. Bianco, P. Chardonnet, F. Fraschetti,

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

Using the Swift data of GRB 050315, we progress in proving the uniqueness
of our theoretically predicted Gamma-Ray Burst (GRB) structure as composed
by a proper-GRB, emitted at the transparency of an electron-positron plasma
with suitable baryon loading, and an afterglow comprising the “prompt radia-
tion” as due to external shocks. Detailed light curves for selected energy bands
are theoretically fitted in the entire temporal region of the Swift observations
ranging over 10° seconds.

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

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

Gamma-Ray Bursts (GRBs) represent very likely “the” most extensive compu-
tational, theoretical and observational effort ever carried out successfully in
physics and astrophysics. The extensive campaign of observation from space
based X-ray and «y-ray observatory, such as the Vela, CGRO, BeppoSAX, HETE-
II, INTEGRAL, Swift, R-XTE, Chandra, XMM satellites, have been matched by
complementary observations in the radio wavelength (e.g. by the VLA) and
in the optical band (e.g. by VLI, Keck, ROSAT). The net result is unprece-
dented accuracy in the received data allowing the determination of the ener-
getics, the time variability and the spectral properties of these GRB sources.
The very fortunate situation occurs that these data can be confronted with a
mature theoretical development. Theoretical interpretation of the above data
allows progress in three different frontiers of knowledge: a) the ultrarelativis-
tic regimes of a macroscopic source moving at Lorentz gamma factors up to
~ 400; b) the occurrence of vacuum polarization process verifying some of the
yet untested regimes of ultrarelativistic quantum field theories; and c) the first
evidence for extracting, during the process of gravitational collapse leading to
the formation of a black hole, amounts of energies up to 10> ergs of black-
holic energy — a new form of energy in physics and astrophysics. We outline
how this progress leads to the confirmation of three interpretation paradigms
for GRBs proposed in July 2001. Thanks mainly to the observations by Swift
and the optical observations by VLT, the outcome of this analysis points to the
existence of a “canonical” GRB, originating from a variety of different initial
astrophysical scenarios. The communality of these GRBs appears to be that
they all are emitted in the process of formation of a black hole with a negligi-
ble value of its angular momentum. The following sequence of events appears
to be canonical: the vacuum polarization process in the dyadosphere with the
creation of the optically thick self accelerating electron-positron plasma; the
engulfment of baryonic mass during the plasma expansion; adiabatic expan-
sion of the optically thick “fireshell” of electron-positron-baryon plasma up
to the transparency; the interaction of the accelerated baryonic matter with
the interstellar medium (ISM). This leads to the canonical GRB composed of a
proper GRB (P-GRB), emitted at the moment of transparency, followed by an
extended afterglow. The sole parameters in this scenario are the total energy
of the dyadosphere E;,, the fireshell baryon loading Mp defined by the di-
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mensionless parameter B = Mpc?/ Egya, and the ISM filamentary distribution
around the source. In the limit B — 0 the total energy is radiated in the P-
GRB with a vanishing contribution in the afterglow. In this limit, the canonical
GRBs explain as well the short GRBs. In these lecture notes we systematically
outline the main results of our model comparing and contrasting them with
the ones in the current literature. In both cases, we have limited ourselves to
review already published results in refereed publications. We emphasize as
well the role of GRBs in testing yet unexplored grounds in the foundations of
general relativity and relativistic field theories.

. R. Ruffini, M.G. Bernardini, C.L. Bianco, L. Caito, P. Chardonnet, M.G.

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

The luminosity and the spectral distribution of the afterglow of GRB 031203
have been presented within our theoretical framework, which envisages the
GRB structure as composed by a proper-GRB, emitted at the transparency of
an electron-positron plasma with suitable baryon loading, and an afterglow
comprising the “prompt emission” as due to external shocks. In addition to
the GRB emission, there appears to be a prolonged soft X-Ray emission lasting
for 10°~10” seconds followed by an exponential decay. This additional source
has been called by us URCA-3. It is urgent to establish if this component is
related to the GRB or to the Supernova (SN). In this second case, there are
two possibilities: either the interaction of the SN ejecta with the interstellar
medium or, possibly, the cooling of a young neutron star formed in the SN
2003lw process. The analogies and the differences between this triptych GRB
031203 / SN 2003lw / URCA-3 and the corresponding ones GRB 980425 / SN
1998bw / URCA-1 and GRB 030329 / SN 2003dh / URCA-2, as well as GRB
060218 / SN 2006aj are discussed.

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

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

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

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

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

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

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

We study the Gamma-Ray Burst (GRB) 060218: a particularly close source at
z = 0.033 with an extremely long duration, namely Toy ~ 2000 s, related to SN
20064j. This source appears to be a very soft burst, with a peak in the spectrum
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14.

at 4.9 keV, therefore interpreted as an X-Ray Flash (XRF). It fullfills the Amati
relation. I present the fitting procedure, which is time consuming. In order
to show its sensitivity I also present two examples of fits with the same value
of B and different value of E'?'. We fit the X- and 7-ray observations by Swift
of GRB 060218 in the 0.1-150 keV energy band during the entire time of ob-
servations from 0 all the way to 10° s within a unified theoretical model. The
free parameters of our theory are only three, namely the total energy E% of
the e* plasma, its baryon loading B = Mgc?/E!, as well as the CircumBurst
Medium (CBM) distribution. We justify the extremely long duration of this
GRB by a total energy E!% = 2.32 x 10° erg, a very high value of the baryon
loading B = 1.0 x 1072 and the effective CircumBurst Medium (CBM) density
which shows a radial dependence 1, o« r=* with 1.0 < a« < 1.7 and mono-
tonically decreases from 1 to 10~ particles/cm3. We recall that this value of
the B parameter is the highest among the sources we have analyzed and it is
very close to its absolute upper limit expected. By our fit we show that there is
no basic differences between XRFs and more general GRBs. They all originate
from the collapse process to a black hole and their difference is due to the vari-
ability of the three basic parameters within the range of full applicability of
the theory. We also think that the smallest possible black hole, formed by the
gravitational collapse of a neutron star in a binary system, is consistent with
the especially low energetics of the class of GRBs associated with SNe Ib/c.

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

In this work we show the existence of a spectral-energy correlation within our
“fireshell” model for GRBs. The free parameters of the model are the total
energy E5: of the e* plasma and its baryon loading B = Mp c?/E¢, charac-
terizing the source, and the parameters describing the effective CircumBurst
medium (CBM) distribution, namely its particle number density p and its ef-
fective emitting area R. We build a sample of pseudo-GRBs, i.e. a set of theoret-
ically simulated light curves, varying the total energy of the electron-positron
plasma ES: and keeping the same baryon loading; the parametrization used
to describe the distribution of the CircumBurst medium is the same as well for
all the pseudo-GRBs. The values of these parameters (B, p and R) used in this
work are equal to the ones assumed to fit GRB050315, a Swift burst represent-
ing a good example of what in the literature has been addressed as “canoni-
cal light curve”. For each GRB of the sample we calculate the vF, spectrum
integrating the theoretically computed light curve over the total time, namely
from our Ty, the end of the Proper-GRB (P-GRB), up to the end of our afterglow
phase, when the fireshell Lorentz gamma factor is close to unity; we exclude
the P-GRB from this spectral computation because, following our “canonical”
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15.

16.

17.

GRB scenario, this component of the GRB emission is physically different from
the other component, that is our afterglow component, so one should take care
in no mixing them. We find that the maximum of this spectrum, that is the ob-
served peak energy E, o, correlates with the initial electron-positron plasma
energy Efoit in a way very similar to the Amati one: Ej ;o o (Efoit)o“r’ .

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

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

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

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

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

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

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

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

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

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

20. M.G. Dainotti, M.G. Bernardini, C.L. Bianco, L. Caito, R. Guida, R. Ruffini;
“GRB 060218: the density mask and its peculiarity compared to the
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21.

22.

other sources”; in OBSERVATIONAL EVIDENCE FOR BLACK HOLES
IN THE UNIVERSE: Proceedings of the 2" Kolkata Conference, Kolkata
(India), February 2008, S.K. Chakrabarti, A.S. Majumdar, Editors; AIP
Conference Proceedings, 1053, 283 (2008).

The Swift satellite has given continuous data in the range 0.3150 keV from 0 s
to 106 s for GRB060218 associated with SN2006aj. It has an unusually long du-
ration (Top ~ 2100 s). We plan to fit the complete - and X-ray light curves of
this long duration GRB, including the prompt emission and we give peculiar
attention to the afterglow lightcurve in order to better constrain the density
mask. We apply our “fireshell” model based on the formation of a black hole,
giving the relevant references. The initial total energy of the electron-positron
plasma E!%! == 2.32 x 10 erg has a particularly low value similarly to the
other GRBs associated with SNe. For the first time we observe a baryon load-
ing B = 10~2 which coincides with the upper limit for the dynamical stability
of the fireshell. The effective CircumBurst Medium (CBM) density shows a ra-
dial dependence 7., o« r~* with 1.0 < a < 1.7 and monotonically decreases
from 1 to 10~ particles/cm?. Such a behavior is interpreted as due to a frag-
mentation in the fireshell. Such a fragmentation is crucial in explaining both
the unusually large Top and the consequently inferred abnormal low value of
the CBM effective density. We present the comparison between the density
mask of this source and the ones of a normal GRB 050315 and a fake short, GRB
970228, making some assumptions on the CBM behaviour in the surrounding
of the Black hole.

L. Caito, M.G. Bernardini, C.L. Bianco, M.G. Dainotti, R. Guida, R. Ruffini;
“GRB 060614 in the canonical fireshell model”; in OBSERVATIONAL
EVIDENCE FOR BLACK HOLES IN THE UNIVERSE: Proceedings of

the 2% Kolkata Conference, Kolkata (India), February 2008, S.K. Chakrabarti,

A.S. Majumdar, Editors; AIP Conference Proceedings, 1053, 291 (2008).

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

L.J. Rangel Lemos, S. Casanova, R. Ruffini, S.S. Xue; “Fermis approach
to the study of pp interactions”; in OBSERVATIONAL EVIDENCE FOR
BLACK HOLES IN THE UNIVERSE: Proceedings of the 21 Kolkata
Conference, Kolkata (India), February 2008, S.K. Chakrabarti, A.S. Ma-
jumdar, Editors; AIP Conference Proceedings, 1053, 275 (2008).
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23.

24.

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

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

GRB060607A is a very distant (z = 3.082) and energetic event (Ej, ~ 10
erg). Its main peculiarity is that the peak of the near-infrared afterglow has
been observed with the REM robotic telescope, allowing to infer the initial
Lorentz gamma factor of the emitting system. We present a preliminary anal-
ysis of the spectra and light curves of GRB060607A prompt emission within
the fireshell model. We show that the N(E) spectrum of the prompt emission,
whose behavior is usually described as “simple power-law”, can also be fit-
ted in a satisfactory way by a convolution of thermal spectra as predicted by
the model we applied. The theoretical time-integrated spectrum of the prompt
emission as well as the light curves in the BAT and XRT energy band are in
good agreement with the observations, enforcing the plausibility of our ap-
proach. Furthermore, the initial value of Lorentz gamma factor we predict is
compatible with the one deduced from the REM observations.

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

The Swift observation of GRB 060614, as well as the catalog analysis by Nor-
ris and Bonnell| (2006), opened the door “on a new Gamma-Ray Bursts (GRBs)
classification scheme that straddles both long and short bursts” (Gehrels et al |
2006). Within the “fireshell” model for the Gamma-Ray Bursts (GRBs) we de-
fine a “canonical GRB” light curve with two sharply different components: the
Proper-GRB (P-GRB), emitted when the optically thick fireshell of electron-
positron plasma originating the phenomenon reaches transparency, and the
afterglow, emitted due to the collision between the remaining optically thin
fireshell and the CircumBurst Medium (CBM). We here outline our “canonical
GRB” scenario, which implies three different GRB classes: the “genuine” short
GRBs, the “fake” or “disguised” short GRBs and the other (so-called “long”)
GRBs. We also outline some implications for the theoretical interpretation of
the Amati relation.
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25.

26.

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

Within our “fireshell” model we introduced a “canonical” GRB scenario which
differentiates physically the “proper GRB” (P-GRB) emission when photons
decouple, and the afterglow emission due to interaction of the accelerated
baryons with the CircumBurst Medium (CBM). The ratio between energetics
of the two components is ruled by the baryon loading of the fireshell. We here
analyse the possibility that GRB050509b is the first case of a “genuine” short
GRB the ones with smaller baryon loading. In such a case, the GRB050509b
“prompt emission” would be dominated by the “proper GRB” and, moreover,
the P-GRB total energy would be greater than the afterglow one. Our fit of the
afterglow data and of the P-GRB energetics indicates that this source present
the smallest baryon loading we ever encountered so far, being on the order of
1074

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

The fireshell model for Gamma-Ray Bursts (GRBs) naturally leads to a canoni-
cal GRB composed of a proper-GRB (P-GRB) and an afterglow. P-GRBs, intro-
duced by us in 2001, are sometimes considered “precursors” of the main GRB
event in the current literature. We show in this paper how the fireshell model
leads to the understanding of the structure of GRBs, with precise estimates
of the time sequence and intensities of the P-GRB and the of the afterglow. It
leads as well to a natural classification of the canonical GRBs which overcomes
the traditional one in short and long GRBs.
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H.1 The “fireshell’ model and the
“canonical GRB’ scenario

GRB 060614 (Gehrels et al., 2006; Mangano et al., 2007) has infringed the tradi-
tionally accepted Gamma-Ray Burst (GRB) classification scheme (Klebesadel,
1992; Dezalay et al., [1992), in which GRBs originate from “Hypernovae” and
are branched into two classes: “short” GRBs (lasting less than ~ 2 s) and
“long” GRBs (lasting more than ~ 2 s up to ~ 1000 s). Stringent upper limits
on the luminosity of the Type Ib/c Supernova (SN) possibly associated with
GRB 060614 have been established (Della Valle et al., 2006; Gal-Yam et al.,
2006). Moreover, GRB 060614 “reveals a first short, hard-spectrum episode of
emission (lasting 5 s) followed by an extended and somewhat softer episode
(lasting ~ 100 s)”: a “two-component emission structure”. GRB 060614 ap-
pears as a long burst, lasting more than ~ 100 s, but shares some spectral
properties with the short ones as the absence of a spectral lag (Gehrels et al.|
2006)). The authors conclude that “it is difficult to determine unambiguously
which category GRB 060614 falls into” and then GRB 060614, due to its “hy-
brid” observational properties, “opens the door on a new GRB classification
scheme that straddles both long and short bursts” (Gehrels et al., 2006).

Some months before, reanalyzing the BATSE, HETE-II and Swift catalogs,
Norris and Bonnell (2006) had identified a new GRB class with “an occasional
softer extended emission lasting tenths of seconds after an initial spikelike
emission”. A two-component emission structure which is “similar” to the
one then observed in GRB 060614 (Gehrels et al., 2006). Norris and Bonnell
(2006) had suggested that the traditional GRB classification scheme “is at best
misleading” (Norris and Bonnell, 2006).

We are going to show that such problems of the traditional GRB classifi-
cation scheme find a natural solution within the “canonical” GRB scenario
implied by the “fireshell” model. Within the “fireshell” model all GRBs, both
“long” and “short”, originate from the formation of a black hole, either occur-
ring in a single process of gravitational collapse, possibly induced in a binary
system, or in a merging binary system composed by neutron stars and/or
white dwarfs in all possible combinations (Ruffini et al., 2001b, 2007a}; Bernar-
dini et al., 2007). The occurrence of an associated SN, rather than a necessity,
is more likely an exception linked to the process of “induced” gravitational
collapse (Ruffini et al., 2007b} [Dainotti et al., 2007). The e* plasma created
in the process of the black hole formation reaches thermal equilibrium on a
time scale on the order of ~ 10713 s (Aksenov et al,, [2007). Then it expands
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Figure H.1.1: Left: The “canonical GRB” light curve theoretically computed
for GRB 991216. The prompt emission observed by BATSE is identified with
the peak of the afterglow, while the small precursor is identified with the
P-GRB. For this source we have E!Y = 4.83 x 10° ergs, B ~ 3.0 x 1073
and (ngy,) ~ 1.0 particles/cm3. Details in Ruffini et al.| (2001b, 2002a,
2007a). Right: The “canonical GRB” light curve theoretically computed for
the prompt emission of GRB 970228. BeppoSAX GRBM (40-700 keV, above)
and WFC (2-26 keV, below) light curves (data points) are compared with the
afterglow peak theoretical ones (solid lines). The onset of the afterglow co-
incides with the end of the P-GRB (represented qualitatively by the dotted
lines). For this source we have E%' = 1.45 x 10°* ergs, B ~ 5.0 x 1072 and
{(Nepm) ~ 1073 particles/cm?. Details in [Bernardini et al.| (2007, 2008).

as an optically thick and spherically symmetric “fireshell” with a constant
width in the laboratory frame, i.e. the frame in which the black hole is at
rest (Ruffini et al, 1999, 2000). There are only two free parameters character-
izing the source (Ruffini et al., 2001b, 2007a): the total energy E%Y of the ¢*
plasma forming the self-accelerating optically thick fireshell and its baryon
loading B = Mpc?/ E!%', where Mp is the total baryons’ mass (Ruffini et al.,
2000). These two parameters fully determine the optically thick acceleration
phase of the fireshell, which lasts until the transparency condition is reached
and the Proper-GRB (P-GRB) is emitted (Ruffini et al., 2001b, 2007a) see also
Ruffini et al. contribution in this volume).

We define a “canonical GRB” light curve with two sharply different com-
ponents (see Fig. [H.1.1) (Ruffini et al., 2001b} 2007a; Bernardini et al., 2007;
Bianco et al., 2008a,b):
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e The Proper GRB (P-GRB), which is emitted when the optically thick
fireshell becomes transparent. It depends only on E!% and B. It has
the imprint of the black hole formation, an harder spectrum and no
spectral lag (Bianco et al., 2001} Ruffini et al., 2005d). It does not fulfill
the “Amati” (Amati et al., 2002; Amati, 2006) relation (Bernardini et al.,
2008; Guida et al., 2008).

e the afterglow, which is due to the collision between the remaining op-
tically thin fireshell and the CircumBurst Medium (CBM) (Ruffini et al.)
2001b} 2007a; Bianco and Ruffini, |2004, 2005bja). It depends on Eé‘f and
B but its temporal structure depends also on the additional parameters
describing the effective CBM distribution: its density n.,,, and the ratio
R = A,rr/ Avis between the effective emitting area of the fireshell A,ff
and its total visible area A,;;. It presents a clear hard-to-soft spectral
evolution in time and which is composed by a rising part, a peak and a
decaying tail (Ruffini et al., 2002a), 2004b, 2005c; Bernardini et al., 2005a;
Ruftini et al., 2006b; Dainotti et al., 2007). It fulfills the “Amati” (Amati
et al., 2002; |Amati, 2006) relation (Bernardini et al., 2008; Guida et al.,
2008).

What in the current literature (see e.g. Refs. Piran| 2005; Meszaros| 2006, and
references therein) is usually called the “prompt emission” neglects all the
above analysis; in fact, it comprises the P-GRB together with the rising part
and the peak of the afterglow. What is usually called the “afterglow” is just
its decaying tail (see e.g. Bernardini et al., 2005a; Rutfini et al., 2006b, 2007a;
Dainotti et al., 2007; Bernardini et al., 2007; Bianco et al., 2008a)). Within our
approach there is no separation between the end of the “prompt emission”
and the beginning of the decaying tail of the afterglow. Moreover, within
our framework one derives, in a natural way, that the “Amati” relation is
observed to hold (Amati, 2006) only for long GRBs, where the P-GRB is neg-
ligible, and not for short GRBs (Bernardini et al., 2008; Guida et al., 2008).
The ratio between the total time-integrated luminosity of the P-GRB (namely,
its total energy) and the corresponding one of the afterglow is the crucial
quantity for the identification of GRBs’ nature. Such a ratio, as well as the
temporal separation between the corresponding peaks, is a function of the
B parameter (see Fig. Ref. Ruffini et al., 2001b, as well as Ruffini et
al. contribution in this volume). When B < 107>, the P-GRB is the leading
contribution to the emission and the afterglow is negligible: we have a “gen-
uine” short GRB (Ruffini et al., 2001b). When 10~* < B < 1072, instead, the
afterglow contribution is generally predominant (for the existence of the up-
per limit B < 1072 see Ref. Ruffini et al., 2000). Still, this last case presents
two distinct possibilities: the afterglow peak luminosity can be either larger
or smaller than the P-GRB one (Bernardini et al., 2007} Bianco et al., 2008a,b).
The simultaneous occurrence of an afterglow with total time-integrated lu-
minosity larger than the P-GRB one, but with a smaller peak luminosity, is
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Figure H.1.2: The energy radiated in the P-GRB (solid line) and in the after-
glow (dashed line), in units of E'Y!, are plotted as functions of the B parameter.
This plot has been made assuming a fixed value for E/' = 4.83 x 10 ergs.
For further details see Ruffini et al. contribution in this volume. Also rep-
resented are the values of the B parameter computed for GRB 991216, GRB
030329, GRB 980425, GRB 970228, GRB 050315, GRB 031203, GRB 060218. Re-
markably, they are consistently smaller than, or equal to in the special case
of GRB 060218, the absolute upper limit B < 102 (Ruffini et al., 2000). The
“genuine” short GRBs have a P-GRB predominant over the afterglow: they
occur for B < 1072 (Ruffini et al., 2001b; Bernardini et al., 2007).
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B <10° “Genuine” short GRBs:
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» . . .
luminosity is larger than the afterglow the emission and the afterglow is
one. negligible

“Disguised” short GRBs:
the P-GRB appears to be the leading
3| contribution to the prompt emission
because the afterglow is deflated by the
small CBM density
(e.g. GRB 970228, GRB 060614, etc.).
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Figure H.1.3: A sketch summarizing the “canonical GRB” scenario.

indeed explainable in terms of a peculiarly small average value of the CBM
density (1nopy, ~ 103 particles/ cm?), compatible with a galactic halo envi-
ronment. Such a small average CBM density “deflates” the afterglow peak
luminosity (see Fig. and Refs. Bernardini et al., 2007| 2008). Of course,
such a deflated afterglow lasts longer, since the total time-integrated lumi-
nosity in the afterglow is fixed by the value of the B parameter (see above,
Fig. and Refs. Bernardini et al., 2007; Bianco et al., 2008a,b). Therefore,
GRBs belonging to this new class, characterized by a high value of the B pa-
rameter and a very small CBM density, inherit their peculiar features from
the external environment and not from the intrinsic nature of the source. In
this sense, they are only “fake” short GRBs or, better, canonical GRBs “dis-
guised” as short ones (Bernardini et al., 2007; Bianco et al., 2008a}b). Such a
class is the one identified by Norris and Bonnell (2006), includes GRB 060614
and has GRB 970228 as a prototype (see Fig. and Refs. Bernardini et al.,
2007} Bianco et al., 2008a,b)). The whole “canonical GRB” scenario is depicted
in Fig. Actually, all GRBs we analyzed appears to be canonical ones

with B > 1073 (see Fig.[H.1.2).

H.1.1 The canonical Gamma-Ray Bursts and their
“precursors”

The so-called “prompt emission” light curves of many GRBs present a small
pulse preceding the main GRB event, with a lower peak flux and separated
by this last one by a quiescent time. The nature of such GRB “precursors” is
one of the most debated issues in the current literature (see Burlon et al., in
press). Already in 2001 (Ruffini et al., 2001b), within the “fireshell” model, we
proposed that GRB “precursors” are the P-GRBs emitted when the fireshell
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becomes transparent, and we gave precise estimates of the time sequence and
intensities of the P-GRB and the of the afterglow.

We have recently shown (Aksenov et al., submitted to) that a thermal spec-
trum still occurs in presence of e~ pairs and baryons. By solving the rate
equation we have evaluated the evolution of the temperature during the
tireshell expansion, all the way up to when the transparency condition is
reached (Ruffini et al/,[1999}2000). In the upper panel of Fig.[H.1.4we plot, as
a function of B, the fireshell temperature T, at the transparency point, i.e. the
temperature of the P-GRB radiation. The plot is drawn for four different val-
ues of E!Y in the interval [10*,10°] ergs, well encompassing GRBs’ observed
isotropic energies. We plot both the value in the co-moving frame T5°" and
the one Doppler blue-shifted toward the observed TS = (1 + Bo)v.T&™,
where S, is the fireshell speed at the transparency point in units of ¢ (Ruffini
et al.,[2000).

In the middle panel of Fig. we plot, as a function of B, the fireshell
Lorentz gamma factor at the transparency point .. The plot is drawn for
the same four different values of E’' of the upper panel. Also plotted is the
asymptotic value v, = 1/B, which corresponds to the condition when the
entire initial internal energy of the plasma E!% has been converted into kinetic
energy of the baryons (Ruffini et al., 2000). We see that such an asymptotic
value is approached for B — 107*. We see also that, if E' increases, the
maximum values of . are higher and they are reached for lower values of B.

In the lower panel of Fig. we plot the same Fig. but for the
same four different values of E!%' of the upper panel. We saw in the previous
section that for B < 107° the total energy emitted in the P-GRB is always
larger than the one emitted in the afterglow: we have what we call a “gen-
uine” short GRB (Ruffini et al., 2001b; Bernardini et al., 2007; Bianco et al.,
2008b, see also Bianco et al. contribution in this volume). On the other hand,
for 3.0 x 107% < B < 1072 the total energy emitted in the P-GRB is always
smaller than the one emitted in the afterglow. If it is not below the instrumen-
tal threshold and if 7, ~ 1 particle/cm? (see Fig. , the P-GRB can be
observed in this case as a small pulse preceding the main GRB event (which
coincides with the peak of the afterglow), i.e. as a GRB “precursor” (Ruffini
et al., 2001b, 2003; Bianco et al., 2008b).

Particularly relevant for the new era of the Agile and GLAST satellites is
that for B < 1073 the P-GRB emission has an observed temperature up to 10°
keV or higher. This high-energy emission has been unobservable by the Swift
satellite.

In Fig. we plot, as a function of B, the arrival time separation At, be-
tween the P-GRB and the peak of the afterglow measured in the cosmological
rest frame of the source. Such a time separation At, is the “quiescent time”
between the precursor (i.e. the P-GRB) and the main GRB event (i.e. the
peak of the afterglow). The plot is drawn for the same four different values
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Figure H.1.4: At the fireshell transparency point, for 4 different values of
E!, we plot as a function of B: (Above) The fireshell temperature in the co-
moving frame T:°" (thicker lines) and the one Doppler blue-shifted along the
line of sight toward the observer in the source cosmological rest frame TS"
(thinner lines); (Middle) The fireshell Lorentz gamma factor -y, together with
the asymptotic value 7y, = 1/B; (Below) The energy radiated in the P-GRB
(thinner lines, rising when B decreases) and the one converted into baryonic
kinetic energy and later emitted in the afterglow (thicker lines, rising when B
increases), in units of E'.
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Figure H.1.5: For 4 different values of Ez‘f, we plot as a function of B the
arrival time separation At, between the P-GRB and the peak of the afterglow
(i.e. the “quiescent time between the “precursor” and the main GRB event),
measured in the source cosmological rest frame. This computation has been
performed assuming a constant CBM density 71, = 1.0 particles/cm3. The
points represents the actually numerically computed values, connected by
straight line segments.
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Figure H.1.6: We plot three theoretical afterglow bolometric light curves to-
gether with the corresponding P-GRB peak luminosities (the horizontal seg-
ments). The computations have been performed assuming the same E'% and
CBM structure of GRB991216 and three different values of B. The P-GRBs
have been assumed to have the same duration in the three cases, i.e. 5s. For
B decreasing, the afterglow light curve squeezes itself on the P-GRB.

of E'% of Fig. The arrival time of the peak of the afterglow emission
depends on the detailed profile of the CBM density. In this plot it has been
assumed a constant CBM density 714, = 1.0 particles/cm?. We can see that,
for 3.0 x 107* < B < 1072, which is the condition for P-GRBs to be “pre-
cursors” (see above), At, increases both with B and with Eé‘f. We can have
At, > 10% s and, in some extreme cases even At, ~ 103 s. For B < 3.0 x 1074,
instead, At, presents a behavior which qualitatively follows the opposite of
Yo (see middle panel of Fig.[H.1.4).

Finally, in Fig.[H.1.6lwe present three theoretical afterglow bolometric light
curves together with the corresponding P-GRB peak luminosities for three
different values of B. The duration of the P-GRBs has been assumed to be
the same in the three cases (i.e. 5 s). The computations have been per-
formed assuming the same E'% and the same detailed CBM density profile
of GRB991216 (Ruffini et al., 2003). In this picture we clearly see how, for B
decreasing, the afterglow light curve “squeezes” itself on the P-GRB and the
P-GRB peak luminosity increases.

Before closing, we like to mention that, using the diagrams represented in
Figs. in principle one can compute the two free parameters of the
fireshell model, namely E!% and B, from the ratio between the total energies
of the P-GRB and of the afterglow and from the temporal separation between
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H.1 The “fireshell” model and the “canonical GRB” scenario

the peaks of the corresponding bolometric light curves. None of these quan-
tities depends on the cosmological model. Therefore, one can in principle
use this method to compute the GRBs’ intrinsic luminosity and make GRBs
the best cosmological distance indicators available today. The increase of the
number of observed sources, as well as the more accurate knowledge of their
CBM density profiles, will possibly make viable this procedure to test cos-
mological parameters, in addition to the Amati relation (Amati et al., 2008;
Guida et al., 2008).
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H.2 GRB 060614: another
example of fake short burst

GRB 060614 (Gehrels et al., 2006; Mangano et al., 2007) has imposed to the
general attention of the Gamma-Ray Burst’s (GRB’s) scientific community
because it is the first clear example of a near, long GRB not associated with a
bright Ib/c Supernova (SN) (Della Valle et al., 2006; |Gal-Yam et al., 2006). It
has been estimated that, if present, the SN-component should be about 200
times fainter than the archetypal SN 1998bw associated to GRB980425; more-
over, it would also be fainter (at least 30 times) than any stripped-envelope
Supernova ever observed (Richardson et al., 2006). In the standard scenario,
long duration GRBs (Tgg > 2s) are thought to be produced by SN events
during the collapse of massive stars in star forming regions (Woosley, 1993).
The observations of broad-lined and bright type Ib/c SNe associated with
GRBs are often reported to favor this scenario (Woosley and Bloom, 2006,
and references therein). The ansatz has been advanced that every long GRB
should have a SN associated with it (Zhang et al.,|2006b). Consequently, in all
nearby long GRBs (z < 1) the SN emission should be observed. To account
for the revolutionary situation of GRB 060614 some obvious hypothesis have
been proposed and ruled out: the chance superposition with a galaxy at low
redshift (Gal-Yam et al., 2006) and the strong dust obscuration and extinc-
tion (Fynbo et al.,2006). Appeal has been made to the possible occurrence of
an unusually low luminosity stripped-envelope core-collapse SN (Della Valle
et al., 2006).

The second novelty of GRB 060614 is that it challenges the traditional sep-
aration between Long Soft GRBs and Short Hard GRBs. Traditionally (Klebe-
sadel, 1992; Dezalay et al., 1992), the “short” GRBs have Tog < 2s, present
an harder spectrum and negligible spectral lag, and are assumed to originate
from merging of two compact objects. i.e. two neutron stars or a neutron star
and a black hole (see e.g. Blinnikov et al., [1984; Paczynski, 1986; Goodman,
1986; Eichler et al., [1989; [Piran, |2005; Meszaros, 2006, and references therein).
GRB 060614 is a near long GRB, its redshift is z = 0.125 and it lasts about
one hundred seconds (Tog = (102 £ 5)s; Gehrels et al., 2006) and it fulfills the
E;fSt — Ejg, correlation (Amati et al., 2007). However, its morphology is dif-
ferent from typical long GRBs, similar to the one of GRB050724, classified as
a short GRB (Zhang et al.,2006b; |Piro, 2005). Also its optical afterglow lumi-
nosity is intermediate between the traditional long ones and the traditional
short ones (Kann et al., 2008). Its 15-150keV light curve presents a short,
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hard and multi-peaked episode (about 5s). Such an episode is followed by
a softer, prolonged emission that manifests a strong hard to soft evolution
in the first 400s of data (Mangano et al., 2007). The total fluence in the 15—
150keV energy band is F = (2.17 £ 0.04) x 10 erg/cm?, the 20% emitted
during the initial spikelike emission, where the peak luminosity reaches the
value of 300keV before decreasing until 8keV during the BAT-XRT overlap
time (about 80s). Moreover, its host galaxy has a moderate specific star for-
mation rate (Rpost ~ 2Msy~1(L*)™!, Mypost =~ —15.5; Fynbo et al., 2006;
Della Valle et al., 2006). The spectral lag in its light curves is very small or
absent (Gehrels et al., 2006). All these features are typical of the short GRBs.

This apparent contradiction finds a natural explanation in the framework
of our “fireshell” model. There, the origin of all GRBs is traced back to the
formation of a black hole, either occurring in a single process of gravitational
collapse, or induced in a binary system (Ruffini et al., 2001a), or in a merging
binary system composed by neutron stars and/or white dwarfs in all pos-
sible combinations. In the fireshell model, the occurrence of a GRB-SN is
not a necessity. It is only a possibility linked, for example, to the process of
“induced” gravitational collapse (Ruffini et al., 2007b; Dainotti et al., 2007).
The “canonical” GRB light curve is there formed by a P-GRB (often labeled
as “precursor”), emitted at the fireshell transparency, and an extended after-
glow (whose peak is often labeled as “prompt emission”), whose luminosity
is very sensitive to the average CBM density. In the case of GRB 060614 the
P-GRB is identified with the ~ 5s multipeaked spike of “hard” emission. As
discussed in Sect. 2, the relative energetics of the P-GRB and the afterglow
is ruled by a dimensionless parameter: the fireshell baryon loading B. In
the limit of B — 0 all the GRB energy is emitted in the P-GRB: these are
the “genuine” short GRBs (Ruffini et al., 2001b). The “genuine” short GRBs
are the limiting case of canonical GRBs for a pure e* plasma with negligible
baryonic contamination. The difference between short and long GRBs, or,
better, between short and generic canonical GRBs (see Sect. 2), within our ap-
proach, is not related to different progenitors: it is linked to the value of the
tireshell baryon loading. The crucial quantity to understand GRB nature is
the time-integrated luminosity of the P-GRB vs. the afterglow one. The com-
parison of the corresponding peak luminosities can be indeed misleading, as
clearly shown in the present case of GRB 060614 and in the prototypical case
of GRB970228 (Bernardini et al., 2007)).

Here we address the issue of the novel class of GRBs with “an occasional
softer extended emission lasting tenths of seconds after an initial spikelike
emission” (Norris and Bonnell, 2006). The softer extended emission appears
to have a peak luminosity smaller than the one of the initial spikelike emis-
sion. This has misled the understanding of the correct role of the afterglow.
As we show in the following (see also Bernardini et al., 2007), we have suc-
cessfully identified the initial spikelike emission with the P-GRB and the
softer extended emission with the peak of the afterglow. We show explic-
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Figure H.2.1: Here the energies emitted in the P-GRB (red line) and in the af-
terglow (green line), in units of the total energy of the plasma, are plotted as
functions of the B parameter. When B < 10>, the P-GRB becomes predom-
inant over the afterglow, giving rise to a “genuine” short GRB. In the figure
are also marked in blue the values of the B parameters corresponding to some
GRBs we analyzed, all belonging to the class of long GRBs, together with the
GRB 060614 one (thick brown line).

itly that the integrated afterglow luminosity is much larger than the P-GRB
one, as expected in a canonical GRB with B > 1073. As we will show, the
peculiarity of the low afterglow luminosity and of its much longer time evo-
lution is not intrinsic to the progenitor nor to the black hole, but it uniquely
depends on the peculiarly low value of the CBM density, typical of galactic
halos, ~ 10~ 3particles/cm>. Therefore, GRBs belonging to this novel class
are only “fake” short GRBs, or, better, canonical GRBs “disguised” as short
ones, and have GRB970228 as a prototype (Bernardini et al., 2007).

H.2.1 The fit of the observed luminosity

We have performed the analysis of the observed light curves in the 15-150keV
energy band, corresponding to the y-ray emission observed by the BAT in-
strument on the Swift satellite, and in the 0.2-10keV energy band, corre-
sponding to the X-ray component from the XRT instrument on Swift satellite.
We do not address in this Letter the issue of the optical emission, that repre-
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sent less than 10% of the total energy of the GRB. From this fit (see Figs.
we have derived the total initial energy Efoit, the value of B as well as
the effective CBM distribution (see Fig. I@ . We find Ef:t =2.94 x 10°'erg,
that accounts for the bolometric emission of both the P-GRB and the after-
glow. Such a value is compatible with the observed E;, ~ 2.5 x 10°erg
(Gehrels et al., 2006). The value of Bis B = 2.8 x 1073, that corresponds to
the lowest one of all the GRBs we have examined (see Fig. [H.2.1)). It corre-
sponds to a canonical GRB with a very clear afterglow predominance over
the P-GRB. From the model, having determined Ef; and B, we can compute
the theoretical expected P-GRB energetics Ep_grp (Ruffini et al.,|2001b). We
obtain Ep_ggrp >~ 1.15 X 1050erg, that is in good agreement with the observed
one Ejg 1, ~ 1.18 X 1O5Oerg (Gehrels et al.,2006). The Lorentz Gamma Factor
at the transparency results to be 7y, = 346, one of the highest of all the GRBs

we have examined.

In Fig. we plot the comparison between the BAT observational data
of the GRB0606014 prompt emission in the 15-150keV energy range and the
P-GRB and afterglow light curved computed within our model. The tempo-
ral variability of the afterglow peak emission is due to the inhomogeneities
in the effective CBM density (see Figs. [H.2.3). Toward the end of the
BAT light curve, the good agreement between the observations and the fit
is affected by the Lorentz gamma factor decrease and the corresponding in-
crease of the maximum viewing angle. The source visible area becomes larger
than the typical size of the filaments. This invalidates the radial approxima-
tion we use for the CBM description. To overcome this problem it is nec-
essary to introduce a more detailed three-dimensional CBM description, in
order to avoid an over-estimated area of emission and, correspondingly, to
describe the sharpness of some observed light curves. We are still work-
ing on this issue (Ruftini et al., 2002a; Caito et al., in press; Bianco et al.,
2006a; Guida et al.,, in press). We turn now to the crucial determination of
the CBM density, which is derived from the fit. At the transparency point it
resulted to be ncpy = 4.8 x 10~ 3particles/cm3 (see Fig. . This density
is compatible with the typical values of the galactic halos. During the peak of
the afterglow emission the effective average CBM density decreases reaching
(ncpm) = 2.25 x 10~ particles/cm3, possibly due to an occurring fragmenta-
tion of the shell (Dainotti et al., 2007) or due to a fractal structure in the CBM.
The R value resulted to be on average (R) = 1.72 x 1078. It is interesting to
emphasize the striking analogy of the numerical value and the overall radial
dependence of the CBM density in the present case of GRB 060614 when com-
pared and contrasted with the ones of GRB970228 (Bernardini et al., 2007).

Concerning the 0.2-10keV light curve of the decaying phase of the after-
glow, observed by the XRT instrument, we have also reproduced very satis-
factorily both the hard decrease in the slope and the plateau of the light curve
keeping constant the effective CBM density and changing only R. The result
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Figure H.2.2: The BAT 15-150keV light curve (green points) at 1s time reso-
lution is compared with the corresponding theoretical afterglow light curve
we compute (red line). The onset of the afterglow is at the end of the P-GRB
(qualitatively sketched in blue lines and delimited by dashed gray vertical
lines). Therefore the zero of the temporal axis is shifted by 5.5s with respect
to the BAT trigger time. The peaks of the afterglow light curves are labeled
to match them with the corresponding CBM density peak in Fig. In
the upper right corner there is an enlargement of the P-GRB at 50ms time
resolution (reproduced from Mangano et al., 2007), showing its structure.
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Figure H.2.3: Here are the plot of the effective CBM density (red line) and
of the R parameter (blue line) versus the radial coordinate of the shell. The
CBM density peaks are labeled to match them with the corresponding af-
terglow light curve peaks in Fig. They corresponds to filaments of
characteristic size Ar ~ 10°cm and density contrast Ancgpy/ (ncgm) ~ 20
particles/ cm3.
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Figure H.2.4: The XRT 0.2-10keV light curve (green points) is compared with
the corresponding theoretical afterglow light curve we compute (blue line).
Also in this case we have a good correspondence between data and theoret-
ical results. For completeness, the red line shows again the theoretical after-
glow light curve in the 15-150keV energy range presented in Fig.

of this analysis is reported in Fig. We put in this phase

nepm = 4.70 X 10_6particles /cm™>. The average value of the R parameter is
(R) = 1.27 x 10~2. The drastic enhancement in the R parameter with respect
to the values at the peak of the afterglow is conforming to what happens for
other sources we have studied: GRB060218 presents a bump of five orders
of magnitude (Dainotti et al., 2007), in GRB060710 the bump is of about four
order of magnitude (see Guida et al., in preparation) while in GRB050315
there is a three order of magnitude bump (Ruffini et al., 2006b). In these
last two cases, we found the occurrence of the enhancement of R between
r=2 x 107cm and r=3 x 10 cm, just like for GRB 060614, for which we have
the bump at r=3.5 x 10”cm. The time of the bump approximately corre-
sponds to the appearance of the optical emission observed in GRB 060614
and, more in general, to the onset of the second component of the Willingale
et al.| (2007) scheme for GRBs.

H.2.2 Conclusions
Since the earliest days of GRBs, the attention has been focused on the clas-

sification between short and long GRBs (Klebesadel, 1992; Dezalay et al.,
1992). One of the major outcome of the Swift observation of, e.g., GRB050315
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(Vaughan et al., 2006; Rutftini et al., 2006b) has been the confirmation that
long GRB duration is not intrinsic to the source but is merely a function of
the instrumental noise threshold (Ruffini et al., 2006a). Such a concept had
been introduced in Ruffini et al. (2001b), where the coincidence of long GRBs
with the peaks of the afterglows was proposed. GRB 060614 represents an
additional fundamental progress in clarifying the role of the CBM density
in determining the GRB morphology. It confirms the results presented in
GRB970228 (Bernardini et al., 2007), that is the prototype of the new class of
“fake” short GRBs, or, better, of canonical GRBs “disguised” as short ones.
The sharp spiky emission corresponds to the P-GRB. They correspond to
canonical GRBs with an afterglow emission energetically predominant with
respect to the P-GRB one and a baryon loading B > 10~3. As recalled above,
the comparison of the peak luminosity of the P-GRB and of the afterglow is
indeed misleading: it follows from the low average CBM density and it is
neither intrinsic to the progenitor nor to the black hole. This result points
to the possibility that the majority of GRBs declared as shorts (see e.g. Piro,
2005) are likely “disguised” short GRBs.

The observations of GRB 060614 offer the opportunity, for the first time, to
analyze in detail the structure of a P-GRB lasting 5s. This feature is directly
linked to the physics of the gravitational collapse originating the GRB. Re-
cently, there has been a crucial theoretical physics result, showing that the
characteristic time constant for the thermalization for an e* plasma is on the
order of 107135 (Aksenov et al., 2007). Such a time scale still applies for an e
plasma with a baryon loading on the order of the one observed in GRBs (Ak-
senov et al [2008). The shortness of such a time scale, as well as the knowl-
edge of the dynamical equations of the optically thick phase preceding the
P-GRB emission (Bianco et al., 2006b), implies that the structure of the P-GRB
is a faithful representation of the gravitational collapse process leading to the
formation of the black hole (Ruffini et al., 2005d). In this respect, it is indeed
crucial that the Swift data on the P-GRB observed in GRB 060614 (see Fig.
appear to be highly structured all the way to time scale of 0.1s. This
opens a new field of research: the study of the P-GRB structure in relation to
the process of gravitational collapse leading to the GRB.

The low value of the CBM density is compatible with a galactic halo envi-
ronment. This result points to an old binary system as the progenitor of GRB
060614 and well justify the absence of an associated SN Ib/c event (see also
Davies et al., 2007). Such a binary system departed from its original location
in a star forming region and spiraled out in a low density region of the galac-
tic halo (see e.g. Kramer, [in press). The energetic of this source is about two
orders of magnitude smaller than the one of GRB970228 (Bernardini et al.,
2007). A natural explanation is that instead of a neutron star - neutron star
merging binary system we are in presence of a white dwarf - neutron star bi-
nary. The structure of the gravitational collapse of a binary system to a black
hole is certainly more complex than the direct collapse of a star into a black
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H.2.2 Conclusions

hole. In principle, the nature of the white dwarf, with typical radius on the
order of 103km, as opposed to the one of the neutron star, typically on the or-
der of 10km, may manifest itself in characteristic signatures in the structure
of the P-GRB (see Fig. . We therefore agree, for different reasons, with
the identification proposed by |Davies et al.| (2007) for the progenitor of this
source. GRB 060614 must necessarily fulfill, and indeed it does, the Amati
relation. This happens even taking into account the entire prompt emission
mixing together P-GRB and afterglow (Amati et al., 2007), due to the above
recalled energetic predominance of the afterglow (see also/Guida et al., 2008).
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H.3 Application to GRB 050509B

The baryon loading is the key parameter to classify GRBs: if they are on the
left part of the crossing B < 107> we call them “genuine” short (see section
[H.T). To investigate if this is the case of GRB 050509B (Gehrels et al., 2005) we
did two different analysis, the first one has a big B and is represented by the
line on the right side of the crossing. The second analysis have a small B and
is the line on the left side of the cross (see Fig. [H.3.1).

H.3.1 Data analysis

H.3.1.1 Analysis 1

We identify the prompt emission of this GRB see figure[H.3.2]with our P-GRB.
Then the afterglow fits the other data in X-rays, see Fig. In this case,
we have the total energy of the GRB estimated in 2.11 x 10* erg (which is a
low energy for GRBs) and the baryon loading is B = 3.7 x 1073, The P-GRB
has an energy of Ep_grp = 1.638 x 1047 erg, it means that more then 90% of
the energy is released in the afterglow, so this is not a short GRB at all. It has
emitted much more energy after the 40 ms detected by BAT, but the energy
was below its threshold and before the beginning of data collection by XRT
(which has the first data after 100 seconds).

H.3.1.2 Analysis 2

We did an alternative analysis looking for a case in which this GRB is “gen-
uine” short. In this analysis we fit the first data (see figure with the
peak of the afterglow. The P-GRB is very energetic Ep_grp = 3.30 x 10% erg
in comparison with the afterglow, but it was not visible because its peak en-
ergy would be about 817 KeV. The peak emission of the afterglow, would be
the emission observed, see figure In this case the energy of the GRB is
5.07 x 10% erg, the baryon loading is B = 1.1 x 1074, and this implies that the
energy emitted on the P-GRB is almost 60% of the total one. This means that
this GRB is a “genuine” short; but it was not “observed”.
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H.3 Application to GRB 050509B
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Figure H.3.1: Energy emitted in: the P-GRB (red line) and afterglow (green

line), in function of the B parameter. The blue line is the sum of the two lines.

In black is the B parameter of our first analysis and in yellow is our second

analysis which results to be a “genuine” short. Details in section [H.1}

H.3.2 GRB 050509B within the Amati relation

None of our two analysis are compatible with the Amati relation as you can
see in figure As the Amati relation is valid just for long GRBs we can
conclude that the first analysis is wrong and so we remain with the second
analysis. So we have 050509B as a “genuine” short GRB, it is out of the Amati
relation, like the other short GRBs. We expect so, from our fit (see figure
[H.3.4), a very hard emission, mainly in the P-GRB but also in the afterglow.
The P-GRB have photon emission until 817 kev, very above the BAT trigger
which is less then 350 kev. Is very important to have satellites looking to
high energy emission from GRBs, because only with then we can observe the
“genuine” short GRBs.
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Figure H.3.2: Data detected by BAT, figure from 2005Natur.437..851G.
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Figure H.3.3: Our fit where the BAT data is the P-GRB with a peak energy
observe above 600 kev. And the afterglow which have a total energy that is
eight times larger then the P-GRB.
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Figure H.3.4: Our fit where the BAT data is the afterglow emission and the
P-GRB is above the trigger. In this case the P-GRB is more then twice the
afterglow, but is too hard to be observed.
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Figure H.3.5: Our two fits are out of this relation. We know that this relation
is valid just for long GRBs and that short GRBs are harder in the peak energy
emission. So our fit like a short GRB can be true.
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H.4 GRB 060607A: a complete
analysis of the prompt
emission and X-ray flares.

GRB 060607A is a very distant (z = 3.082 Ledoux et al, 2006) and energetic
event (E;;, ~ 10°3 erg Molinari et al., 2007). Its BAT light curve shows a
double-peaked structure with a duration of Toy = (100 £ 5) s (Tueller et al.,
2006). The time-integrated spectrum over the Ty is best fit with a simple
power-law model with an index I' = 1.45 £ 0.08 (Guidorzi, private commu-
nication). The XRT light curve shows a prominent flaring activity (at least
three flares) superimposed to the normal afterglow decay (Page et al., 2006).

The GRB 060607A main peculiarity is that the peak of the near-infrared
(NIR) afterglow has been observed with the REM robotic telescope (Molinari
et al., 2007). Interpreting the NIR light curve as corresponding to the after-
glow onset as predicted by the fireball forward shock model (Sari and Piran,
1999; Meszaros| 2006), it is possible to infer the initial Lorentz gamma fac-
tor of the emitting system that results to be I'; ~ 400 (Molinari et al., 2007}
Covino et al.,2007; Jin and Fan,2007). Moreover, these measurements seem to
be consistent with an interstellar medium environment, ruling out the wind-
like medium (Molinari et al., 2007; [Jin and Fan, 2007).

We analyze GRB 060607 A within the fireshell model (Ruffini et al., 2001c,b,
2007a). We show how GRB 060607A cannot be a “fake” short GRB, or better
a GRB disguised as short (Bernardini et al., 2007) with realistic values of the
tireshell and CBM parameters, but is a normal long GRB. We show also that
within this interpretation the N(E) spectrum of the prompt emission can be
fitted in a satisfactory way by a convolution of thermal spectra as predicted
by the model we applied (Ruffini et al.,2004b, 2005¢; Bernardini et al.,[2005a)).
The theoretical spectrum and light curve in the BAT energy band obtained
are in good agreement with the observations, enforcing the plausibility of
our approach. Moreover, in analogy with the case of GRB 011121 (see [A.10),
we propose an interpretation of the observed X-ray flares as produced by
overdense CBM clouds, in analogy with the gamma-ray light curve.

In this preliminary analysis we deal only with the BAT and XRT observa-
tions, which are the basic contribution to the afterglow emission according to
the fireshell model. We do not deal with the infrared emission that, on the
contrary, is used in the current literature to estimate the dynamical quanti-
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H.4 GRB 060607A: a complete analysis of the prompt emission and X-ray
flares.
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Figure H.4.1: Swift BAT (15-150 keV, green points) and XRT (0.3-10 keV, pink
points) light curves compared with the theoretical light curves in the same
energy bands (blue and black lines respectively) as well as the bolometric
one (red line), obtained assuming that GRB 060607A is a “fake” short GRB.
The discrepancy among them is evident.

ties of the fireball in the forward external shock regime. Nevertheless, the
initial value of Lorentz gamma factor we predict is compatible with the one
deduced from the REM observations even under very different assumptions.

H.4.1 GRB 060607A as a “fake” short GRB.

Since the BAT light curve behavior resembles the GRB 970228 one (see[A.12),
we attempt to fit GRB 060607 A as a “fake” short GRB, or better as a long GRB
disguised as short (Bernardini et al., 2007). We consider the first pulse as
the P-GRB and the rest of the prompt emission as the peak of the afterglow.
The temporal variability of the light curves has been reproduced assuming
overdense spherical CBM regions (Ruffini et al.,2002a).

We therefore obtain for the two parameters of the fireshell E'Y = 4.1 x 10

erg and B = 3.0 x 10~* and for the CBM (R) = 1.0 x 10~ and

(Nepm) = 4.0 x 1077 particles/cm?>. By comparing these values with the ones
obtained for GRB 970228 (see we can recognize that the baryon loading
in this case is too small to be a long GRB and, more important, the density
of the CBM is completely unreliable. Hence we can conclude that, despite its
appearance, GRB 060607A cannot be a long GRB disguised as short.
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H.4.2 GRB 060607A prompt emission
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Figure H.4.2: Swift BAT (15-25 keV, 25-50 keV, 50-100 keV, 100-150 keV) light
curves (green points) compared with the theoretical ones (red lines).

H.4.2 GRB 060607A prompt emission

H.4.2.1 Light curves

In Fig. we present the theoretical fit of Swift BAT light curves in differ-
ent energy bands (15-25 keV, 25-50 keV, 50-100 keV, 100-150 keV) of GRB
060607A. We identify the whole prompt emission with the peak of the after-
glow emission, and the remaining part of the light curve with the decaying
tail of the afterglow, according to our “canonical GRB” scenario (Rutfini et al.|
2001bj 2007a). The temporal variability of the light curves has been repro-
duced assuming overdense spherical CBM regions (Ruffini et al., 2002a). The
detailed structure of the CBM adopted is presented in Fig.

We therefore obtain for the two parameters characterizing the source in
our model E'Y = 2.5 x 10 erg and B = 3.0 x 10°. This implies an initial
e plasma with a total number of e* pairs N, = 2.6 x 10 and an initial
temperature T = 1.7 MeV. The theoretically estimated total isotropic energy
emitted in the P-GRB is Ep_grg = 1.9% E! = 4.7 x 10°! erg, hence the P-
GRB results to be undetectable if we assume a duration At, ¢, 2 10's.

After the transparency point at rg = 1.4 x 10'* cm from the progenitor,
the initial Lorentz gamma factor of the fireshell is v, = 328. This value has
been obtained adopting the exact solutions of the equations of motions of the
tireshell (Bianco and Ruffini, 2005a) and using as initial conditions the two
free parameters (E!%' and B) estimated from the simultaneous analysis of the

BAT and XRT light curves.
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H.4 GRB 060607A: a complete analysis of the prompt emission and X-ray
flares.
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Figure H.4.3: Detailed structure of the CBM adopted: particle number density
nepm (Upper panel) and fraction effective emitting area R (lower panel) versus
distance from the progenitor. The two X-ray flares corresponds in the upper
panel to the huge increases in the CBM density that departs from the roughly
power-law decrease observed. In the lower panel, the X-ray flares produce an
increase of the emitting area which is not real but due to the lack of a complete
3-dimensional treatment of the interaction between the fireshell and the CBM
(see text).
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H.4.3 The X-ray flares.

H.4.2.2 Time-integrated spectra

We turn now to the analysis of the GRB 060607A prompt emission time-
integrated spectrum. As discussed in previous works (Ruffini et al., 2004b,
2005¢; Bernardini et al., 2005a)), even if the fireshell model assumes that the
GRB spectrum is thermal in the comoving frame, the shape of the final spec-
trum in the laboratory frame is clearly non-thermal. In fact each single in-
stantaneous spectrum is the result of a convolution of thermal spectra. In fact
photons observed at the same arrival time are emitted at different comoving
time (the so called EQTS Bianco and Ruffini, 2004, 2005b), hence with dif-
ferent temperatures. This calculation produces a non-thermal instantaneous
spectrum in the observer frame. This effect is enhanced if we calculate the
time-integrated spectrum: we perform two different integrations, one on the
observation time and one on the EQTS, and what we get is a typical non-
thermal power-law spectrum which results to be in good agreement with the

observations (see Fig. |H.4.4).

H.4.3 The X-ray flares.

We analyze now the X-ray flares observed by Swift XRT (0.2 — 10 keV) in the
early part of the decaying phase of the afterglow. According to the fireshell
model these flares have the same origin of the prompt emission, namely they
are produced by the interaction of the fireshell with overdense CBM. As we
can see in the upper panel in Fig. the result obtained is compatible with
the observations only for the second flare but not for the first one since its
duration is longer. This discrepancy is due to the simple modeling adopted,
namely the CBM is arrangen in shperical shells (Ruffini et al., 2002a). This
approximetion fails when the visible area of the fireshell is comparable with
the size of the CBM clouds.

To solve this problem, following the results obtained for GRGB 011121 (see
[A.10), we tried to account for the three-dimensional structure of the CBM
clouds by “cutting” the emission at a certain angle 6,,,,; from the line of sight,
corresponding to the transverse dimension of the CBM cloud, until the du-
ration of the flare 6t/t;,; is compatible with the observation (see Fig.
middle and lower panels). It is worth to observe that with this procedure we
kee the value of R constant during the flare. Hence the increase in R that we
obtained in our previous analysis (see Fig. is not real but it compen-
sates the fact that spherical approximation is not valid at this stage.

This procedure affects the dynamics of the fireshell, so the light curve after
the “cut” is meaningless. Nevertheless, it is a confirmation that it is possible
to obtain arbitrarily short flares by the interaction with the CBM.
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H.4 GRB 060607A: a complete analysis of the prompt emission and X-ray
flares.
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Figure H.4.4: Theoretically predicted time-integrated photon number spec-
trum N(E) corresponding to the 0 — 15 s (upper panel), 15 — 50 s (middle
panel), and to the whole duration (Tgg = 100 s, lower panel) of the prompt
emission (solid lines) compared with the observed spectra integrated in the
same intervals.
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H.4.3 The X-ray flares.
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Figure H.4.5: Swift XRT (0.2-10 keV) light curve (green points) compared
with, respectively, the theoretical one obtained assuming the CBM dis-
tributed in spherical shells (upper panel), the theoretical one obtained im-
posing a finite transverse dimension for the CBM cloud (middle panel) and
the same theoretical curve il logarithmic scale (lower panel).
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H.4 GRB 060607A: a complete analysis of the prompt emission and X-ray
flares.

H.4.4 Conclusions

We presented the analysis of GRB 060607 A within the fireshell model (Rutfini
et al., 2001c,b, 2007a). We verified that, despite its appearance, GRB 060607 A
cannot be a long GRB disgiused as short as, for example, GRB 970228 (see
)A.12)) with realistic values of the CBM parameters. Hence, according to the
“canonical GRB” scenario (Ruffini et al., 2001b, 2007a) we interpreted the
whole prompt emission as the peak of the afterglow emission, and the re-
maining part of the light curve with the decaying tail of the afterglow. We
found in this second case that the P-GRB is too faint to be detected, as we
expected from our interpretation. The theoretical light curves obtained are
well in agreement with the observations in all the Swift BAT energy bands.

Furthermore, the initial Lorentz gamma factor of the fireshell, obtained
adopting the exact solutions of its equations of motions (Bianco and Ruffini,
2005a) and as initial condition the free parameters of the fireshell estimated
by the simultaneous analysis of the BAT and XRT light curves, is 7, = 328.
In this preliminary analysis we deal only with the BAT and XRT observa-
tions, which are the basic contribution to the afterglow emission according to
the fireshell model. We do not deal with the infrared emission that, on the
contrary, is used in the current literature to estimate the dynamical quanti-
ties of the fireball in the forward external shock regime. Nevertheless, the
initial value of Lorentz gamma factor we predict is compatible with the one
deduced from the REM observations even under very different assumptions,
I'c ~ 400 (Molinari et al., 2007; |(Covino et al., 2007; [Jin and Fan, 2007).

We investigated also the GRB 060607 A prompt emission spectra integrated
in different time intervals assuming a thermal spectrum in the comoving
frame. The results obtained show clearly that, after the correct space-time
transformations, both the instantaneous and the time-integrated spectra in
the observer frame have nothing to do with a Planckian distribution, but they
have a power-law shape, thus confirming our previous analyses (Bernardini
et al., 2005a} Ruffini et al., 2006b).

Finally we analyzed the X-ray flares observed by Swift XRT (0.2 — 10 keV)
in the early part of the decaying phase of the afterglow. According to the
tireshell model these flares have the same origin of the prompt emission,
namely they are produced by the interaction of the fireshell with overdense
CBM. We found that our theoretical light curve is not compatible with the
observations since in such regime the one-dimensional approximation fails.
Following the results obtained for GRGB 011121 (see , we tried to ac-
count for the three-dimensional structure of the CBM clouds by “cutting” the
emission at a certain angle 6,,,; from the line of sight, corresponding to the
transverse dimension of the CBM cloud. We obtain in this way a flare whose
duration 6t/ is compatible with the observation.
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H.5 Theoretical background for
GRBs’ empirical correlations

The detection of gamma-ray bursts (GRBs) up to very high redshifts (up
to z = 6.7, see Greiner et al., 2008), their high observed rate of one every
few days, and the progress in the theoretical understanding of these sources
all make them useful as cosmological tools, complementary to supernovae
Ia, which are observed only up to z = 1.7 (Leibundgut, 2001; Riess et al.,
2001). One of the hottest topics on GRBs is the possible existence of empir-
ical relations between GRB observables (Amati et al., 2002; Ghirlanda et al.,
2004; Yonetoku et al.,|2004; Liang and Zhang), 2005; Firmani et al., 2006; Am-
ati et al., 2008), which may lead, if confirmed, to using GRBs as tracers of
models of universe. The first empirical relation, discovered when analyzing
the BeppoSAX so-called “long” bursts with known redshift, was the “Amati
relation” (Amati et al., 2002). It was found that the isotropic-equivalent radi-
ated energy of the prompt emission Ej;, is correlated with the cosmological
rest-frame vF, spectrum peak energy E, ;: E,; « (Ejs,)", with a = 0.52 + 0.06
(Amati et al.,2002). The existence of the Amati relation has been confirmed by
studying a sample of GRBs discovered by Swift, witha = O.49f8:8§ (Sakamoto
et al., 2006b; |/ Amati, 2006).

Swift has for the first time made it possible to obtain high quality data in
selected energy bands from the GRB trigger time all the way to the latest af-
terglow phases (Gehrels et al., 2004). This has given us the opportunity to ap-
ply our theoretical “fireshell” model, thereby obtaining detailed values for its
two free parameters, namely for the total energy Efoit and the baryon loading
B of the fireshell, as well as for the effective density and filamentary struc-
ture of the CircumBurst Medium (CBM). From this we were able to compute
multi-band light curves and spectra, both instantaneous and time-integrated,
compared with selected GRB sources, such as GRB 050315.

In the “fireshell” model, Ef; comprises two different components: (i) the
proper GRB (P-GRB) with energy Ep_grp, emitted at the moment when the
e*e”-driven accelerating baryonic matter reaches transparency, and (ii) the
following afterglow phase with energy E,f;, with the decelerating baryons
interacting with the CBM (Ruffini et al., 2001b). These two phases are clearly
distinguishable by their relative intensity and temporal separation in arrival
time. We have .

Efot = Ep_GrB + Euft - (H.5.0.1)
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H.5 Theoretical background for GRBs’ empirical correlations

What is usually called the “prompt emission” corresponds within the fireshell
model to the P-GRB together with the peak of the afterglow (see below, e.g.
Ruffini et al., 2001b} 2006b|, 2007a; Dainotti et al., 2007; Bernardini et al., 2007}
Caito et al., 2008; Bianco et al., 2008a, and references therein).

Among the crucial issues raised by the Amati relation, there are its theoret-
ical explanation and its possible dependence on the assumed cosmological
model. We examined a set of “gedanken” GRBs, all at the same cosmological
redshift of GRB 050315. Such a set assumes the same fireshell baryon load-
ing and effective CBM distribution as GRB 050315 (Rutffini et al., 2006b, see
also section and each “gedanken” GRB differs from the others uniquely
by the value of its total energy Efoit We then considered a second set of
“gedanken” GRBs, differing from the previous one by assuming a constant
effective CBM density instead of the one inferred for GRB 050315. In both
these sets, we looked for a relation between the isotropic-equivalent radiated
energy of the entire afterglow E,s; and the corresponding time-integrated vF,
spectrum peak energy E:

Ep o (Eqp)". (H.5.0.2)

In this chapter, after briefly recalling the various spectral-energy correla-
tions mentioned above, we present the derivation of the E, — E, ¢; relation for
the two sets of “gedanken” GRBs.

H.5.1 Spectral-energy correlations

Many empirical spectral-energy correlations exist, some are purely phenomeno-
logical and assumption free while others are based on assumptions and are
dependent on model, basically the standard fireball model (Piran, 1999). Some
correlations assume spherical symmetry while others assume collimated (jet)
emission. This last case was triggered by the observation by [Frail et al.| (2001)
that the collimation corrected energetics of those GRBs of know jet aperture
angles clustered into a narrow distribution, E, = (1 — cos 6;)E;s, ~ 10°! erg.
The opening angle of the jet is estimated within the standard model as

t. 3/8 1/8
_ jet.d 1y )
6 = 0.161 (1—|—z) (E. ) ; H
is0,52

t. d 1/4 ;7 A* 1/4
0. = 02016 | = ) (” ) W H.5.1.1
] (1+Z Eiso 52 ( )

where et q is the break time measured in days and z is the redshift. The effi-
ciency 177, relates the isotropic kinetic energy of the fireball Ey ;;, to the prompt
emitted energy Eiso: Ey iso = Eiso/1. Usually, it is assumed a constant value
for all bursts, i.e. 17, = 0.2 (after its first use by Frail et al.| (2001), following
the estimate of this parameter in GRB 970508 Frail et al.| (2000)). In the homo-

806



H.5.1 Spectral-energy correlations

geneous (H) case, n is the CircumBurst density, independent from the radial
coordinate; for the wind (W) case, the density is a function of the radial coor-
dinate, n(r) = Ar~2and A, is the value of A (A = M,/ (47vy,) =5 x 1011 A,
g cm 1) when setting the wind mass loss rate to My, = 10°Mgyr ! and the
wind velocity to v, = 10° km s~!. Usually, a constant value (i.e. A, = 1) is
adopted for all bursts.

The most important spectral-energy correlations are:

e The Amati relation: It was historically the first correlation discovered,
considering BeppoSAX bursts (Amati et al., 2002). It was found that
the isotropic-equivalent radiated energy of the prompt emission Ej, is
correlated with the cosmological rest-frame vF, spectrum peak energy

Eyit Ep;i o E?S'g’. This correlation, recently updated (Amati, 2006) to

a larger sample, holds for all but two long bursts, while no short burst

satisfies it. The long burst outliers are GRB 980425 and the debated GRB

031203 (Watson et al., 2006b). As far as short bursts are concerned, there

are two cases: the burst with an initial spike-like emission followed by

a soft bump (short burst with afterglow) and the short burst with no

afterglow. The burst belonging to the first class are what we named

(Bernardini et al., 2007) “fake” short GRBs, while the ones belonging to

the second case are the “genuine” short GRBs. Both classes, as already

said above, does not follow the Amati relation, but, if one excludes the
initial spike-like emission and considers only the soft later part of the
bursts in the first class, then the Amati relation is recovered (Amati,

2007} |Bernardini et al., 2008).

e The Yonetoku correlation: Yonetoku et al. (2004) showed that also the
peak luminosity L, ;s, of the prompt emission correlates with E,, in the

same way as Ejs,: E) L;J,/igo' The scatter is similar to the scatter of the

Amati correlation, and the outliers are the same as well.

e The Ghirlanda correlation: Assuming a collimated emission, Ghirlanda
et al. (2004) found that the collimation corrected (by a factor (1 — cos Oj))
energy, E,, is tightly correlated with E,. The correlation is E,; o E,(;y.
As outlined above, this relation is based on a theoretical model needed
to calculate 6;, that in turns relies on the assumptions adopted for the
efficiency and the CircumBurst density and profile.

e The Liang & Zhang correlation: To find the jet angle 60;, as explained
above, one needs a model and some assumptions; the Liang and Zhang
(2005)) correlation instead is entirely phenomenological, so model inde-
pendent and assumptions free. It involves three observables (plus the
redshift) and it is of the form E;, Ef,t].—etl. It is consistent (Nava et al.|,

2006) with the Ghirlanda correlation, and has similar spread.
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e The Firmani correlation: The [Firmani et al.| (2006) correlation links
three quantities of the prompt emission: the bolometric isotropic peak
luminosity Ly, the peak energy Ej iso of the time integrated spectrum,
and a characteristic time: T 45, which is the time interval spanned by
the brightest 45% of the total light curve counts above the background.
This time is used to characterize the variability properties of the prompt
emission (Reichart et al., 2001). The correlation is of the form: Lp ;5o o

EI?;/ 2T, 415/ 2, Also this relation is model independent and assumption
free.

H.5.2 The E, — E,;f; relation

In our approach, only the entire afterglow emission is considered in establish-
ing our E, — E,;; relation. From this assumption one derives, in a natural
way, that the Amati relation holds only for long GRBs, where the P-GRB is
negligible, and not for short GRBs (Amati et al., 2007).

We can compute the “instantaneous” spectrum of GRB 050315 at each value
of the detector arrival time during the entire afterglow emission. Such a spec-
trum sharply evolves in the arrival time, presenting a typical hard-to-soft
behavior (Ruffini et al., 2006b). We then computed the vF, time-integrated
spectrum over the total duration of our afterglow phase, that is, from the end
of the P-GRB up to when the fireshell reaches a Lorentz gamma factor close to
unity. We can then define the energy E, as the energy of the peak of this vF,
time-integrated spectrum, and we look at its relation with the total energy
E,ft of the afterglow.

We construct two sets of “gedanken” GRBs at a fixed cosmological redshift,
therefore independently of the cosmological model. The first set assumes the
same fireshell baryon loading and effective CBM distribution as GRB 050315
(see Fig. and each “gedanken” GRB differs from the others uniquely by
the value of its total energy Ef; The second set assumes a constant effective
CBM density ~ 1 particle/cm? instead of the one inferred for GRB 050315.

In our model, E,y; is a fixed value determined by Ef; and B, so clearly there

are no errors associated to it. Instead, E, is evaluated from the numerically
calculated spectrum, and its determination is therefore affected by the nu-
merical resolution. Choosing a 5% error on E,, which is consistent with our
numerical resolution, we checked that this value is reasonable looking at each
spectrum. Figure shows the time-integrated spectrum corresponding to

E¢,, = 3.40 x 10°! erg with the error around E,,.
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Figure H.5.1: The effective CBM number density inferred from the theoretical
analysis of GRB 050315. Details in [Ruffini et al.| (2006b) and in section
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Figure H.5.2: The vF, time-integrated spectrum over the total duration of our
afterglow phase for the “gedanken” GRB of the first set with total energy
Ef; = 3.40 x 10°!. The two vertical lines constrain the 5% error region around

the peak. We determine E, =5.82 keV £+5%.
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Figure H.5.3: The Ej, — E,f; relation: the results of the simulations of the first
set of “gedanken” GRBs (red points) are well-fitted by a power law (black
line) Ej o (Eqp¢)" with a = 0.45 & 0.01. The blue points are the results of the

extension of the first set above 103 erg.

H.5.3 Results and discussion

Figure shows the Ej, — E;; relation of the “gedanken” GRBs belonging
to the first set (red points). It extends over two orders of magnitude in energy,
from 10°! to 10°* erg, and is well-fitted by a power law E, o (E,z)" with
a = 0.45 £ 0.01. We emphasize that such a power-law slope strictly agrees
with the Amati relation, namely E,; o (Eisp)?, with a = O.49f8:8§ (Amati,
2006). We recall that E, is the observed peak energy; i.e., it is not rescaled
for the cosmological redshift, because all the “gedanken” GRBs of the set are
at the same redshift of GRB 050315, namely z = 1.949 (Vaughan et al., 2006).
The normalization is clearly different from the Amati one.

If we try to extend the first sample of “gedanken” GRBs below 10°! erg,
the relevant CBM distribution would be for » < 10'® cm, where no data are
available from the GRB 050315 observations. If we try to extend the first set of

“gedanken” GRBs above 10 erg, we notice that for Ef; > 10° erg the small
“bump”, which can be noticed between 0.2 and 1.0 keV in the spectrum of Fig.
evolves into a low-energy second spectral peak that is even higher than
the high-energy one (see Fig. [H.5.4). We are currently investigating whether
this low-energy second peak is a real, theoretically predicted spectral feature
that may be observed in the future in highly energetic sources. There is also
the other possibility that the low-energy and late part of our GRB 050315 fit
is not enough constrained by the XRT observational data so that this effect is

magnified by the Ef:t rescaling.
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Figure H.5.4: The vF, time-integrated spectrum over the total duration of our
afterglow phase for the “gedanken” GRB of the extended first set with total
energy Ef:t = 6.95 x 10 erg. The vertical lines constrain the 5% error region
around each peak.

The high-energy spectral peak is due to the emission at the peak of the
afterglow, and therefore due to the so-called “prompt emission”. The low-
energy one is due to late-time soft X-ray emission. Therefore, the high-energy
spectral peak is the relevant one for the Amati relation. We find indeed that

such a high-energy spectral peak still fulfills the E, — E,; relation for Efoit ~
10°* erg, with a possible saturation for Efoit > 10°* erg (see Fig. [H.5.3).

Figure clearly shows that in the second set of “gedanken” GRBs, built
assuming a constant effective CBM density ~ 1 particle/cm?, instead of the

one specifically inferred for GRB 050315, there in no relation between E, and
Eqfs-

H.5.4 Conclusions

The high-quality Swift data, for the first time giving gapless and multiwave-
length coverage from the GRB trigger all the way to the latest afterglow
phases, have led to a complete fit of the GRB 050315 multiband light curves
based on our fireshell model. We fixed the free parameters describing the
source and determined the instantaneous and time-integrated spectra during
the entire afterglow.

Starting from this, we examined two sets of “gedanken” GRBs, constructed
at a fixed cosmological redshift. The first set assumes the same fireshell
baryon loading and effective CBM distribution as GRB 050315, and each “gedanken”
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Figure H.5.5: The second set of “gedanken” GRBs. Clearly, in this case there
in no relation between E, and E,;.

oL

GRB differs from the others uniquely by the value of its total energy Ef ;. The
second set assumes a constant effective CBM density ~ 1 particle/cm? in-
stead of the one inferred for GRB 050315.

Recalling that the “canonical” GRB light curve in the fireshell model is
composed of two well-separated components, the P-GRB, and the entire af-
terglow, we looked for a relation in both sets between the isotropic-equivalent
radiated energy of the entire afterglow E, ¢ and the corresponding time-integrated
vF, spectrum peak energy Ep: E; « (E;f)”. In doing so, we assumed that the
Amati relation is directly linked to the interaction between the accelerated
baryons and the CBM. The P-GRBs, which originate from the fireshell trans-
parency, do not fulfill the Amati relation in our approach. Consequently, the
short GRBs, which have a vanishing afterglow with respect to the P-GRB,
should also not fulfill the Amati relation. This last point is supported by the
observational evidence (Amati|, 2006).

We notice that the first set of “gedanken” GRBs fulfills the E, « (E;f)”
relation very well with a = 0.45 £ 0.01. This slope strongly agrees with the
Amati relation. In contrast, no relation between E, and E;s; seems to hold
for the second set. We conclude that the Amati relation originates from the
detailed structure of the effective CBM.

Turning now to the analogies and differences between our E, — E; ¢; relation
and the Amati one, our analysis excludes the P-GRB from the prompt emis-
sion, extends all the way to the latest afterglow phases, and is independent of
the assumed cosmological model, since all “gedanken” GRBs are at the same
redshift. The Amati relation, on the other hand, includes the P-GRB, focuses
only on the prompt emission, being therefore influenced by the instrumen-
tal threshold that fixes the end of the prompt emission, and depends on the
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assumed cosmology. This might explain the intrinsic scatter observed in the
Amati relation (Amati, 2006). Our theoretical work is a first unavoidable step
toward supporting the use of the empirical Amati relation for measuring the
cosmological parameters.
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H.6 Fermi’s approach to the study
of hadronic interactions

The knowledge of the radiation mechanisms is crucial for the correct under-
standing of many astronomical observations. In particular in gamma ray as-
tronomy the observational data can be often explained by two or more pro-
duction mechanisms. It is therefore important to model correctly the dif-
ferent interactions producing gamma rays. Among all mechanisms produc-
ing gamma rays hadronic interactions between nucleons which produce pi-
ons, which in turn decay into photons and neutrinos, are the most difficult
to model. In fact, high energy collisions of nucleons cannot be treated per-
turbatively because of the large value of the interaction constant in nuclear
interactions. Many authors have occupied themselves with this problem and
already in 1950 Fermi developed a statistical method for computing the mul-
tiple production of particles in collisions of high energetic protons. In the
meantime a very large set of data has been acquired from high energy accel-
erators. The aim of the paper is 1. to reduce the Fermi theoretical equations, 2.
to compare them to the experimental data and 3. to outline novel theoretical
approach.

H.6.1 Fermi’s approach to the study of hadronic
interactions

In treating high energy collisions of nucleons, Fermi made the assumption
that the possible final configurations of the system are determined by the
statistical weights of the various possible final configurations and accord-
ingly developed a statistical method to determine the final particles produced
(Fermi, 1950). First of all one might think of many different final configura-
tions for the system after the collision, but conservation laws of charge and
of momentum, as well as the feasibly of the processes, have to be taken into
account. Transitions in Yukawa'’s theory, in which charged and neutral pions
are emitted, are therefore the most probable processes taking place. So during
the collisions of high energetic hadrons a large amount of energy is released
in a small volume around the hadrons and used to form pions. In view of
the strong interactions between these pions, one can imagine that the energy
available in the small volume will be rapidly distributed to the different pi-
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ons having different energies. In other words the energy will be statistically
distributed among all degrees of freedom of the system. Fermi himself said:
“When two nucleons collide with very great energy in their center of mass
system this energy will be suddenly released in a small volume surrounding
the two nucleons. The event is a collision in which the nucleons with their
surrounding retinue of pions hit against each other so that all the portion of
space occupied by the nucleons and by their surrounding pion field will be
suddenly loaded with a very great amount of energy. Since the interactions
of the pion field are strong we may expect that rapidly this energy will be
distributed among the various degrees of freedom present in this volume ac-
cording to statistical laws. One can then compute statistically the probability
that in this tiny volume a certain number of pions will be created with a given
energy distribution. It is then assumed that the concentration of energy will
rapidly dissolve and that the particles into which the energy has been con-
verted will fly out in all directions.”

Fermi’s method resembles somehow Heisenberg’s approach (Heisenberg,
1949) to treat high energy collisions of nucleons, with the difference that
Heisenberg used qualitative ideas of turbulence whereas, Fermi believed that
in high energetic processes statistical equilibrium is reached.

According to Fermi the process proceeds as follows: in the laboratory frame
a very energetic proton scatters off a proton target. For convenience the pro-
cess is examined in the center of mass of the system. The only parameter
which has to be tuned in Fermi’s theory is the volume in which the en-
ergy is dumped. The value of this parameter can be modified to improve
the agreement with the experiments. Fermi defined () being the volume at
rest in the laboratory frame that contain the energy of the colliding parti-
cles, but we will call this volume by () Fermi volume. Since the particles
mediating the Yukawa interactions are the pions, the volume is taken as a
sphere with radius of order of the pion Compton wavelength A, = ii/mc
(AxAp > h/2 = Ax =h/Ap = A5, = h/myc).

We will use the index “0” for indicate that it is in the c.m. frame, and when
do not the index, mean it is in the laboratory frame. Analogous, we use the
index ’ for indicate after the collision, and without the index say before of the
collision.

We always will work in c.m. frame, where we define the volume () con-
taining the energy of the colliding particles in c.m. frame. The relation be-
tween the Fermi volume in the L.F. ((Q) and in the c.m. frame (()g) is given by
Lorentz contracted,

1
0Oy = -0, (H.6.1.1)
Y
where 4
Q= §NR3, (H.6.1.2)
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and

R=a)A, and 5= mi =14x10"Bem, (H.6.1.3)
RC

where A¢, is the Compton wavelength of the pion A5, = h/mzc, h the Planck
constant, ¢ the light speed, v = (1 — v?/c?)~1/2 is the Lorentz factor and 7
the velocity of proton in rest in c.m. frame and a a parameter that to fit the
radius of the Fermi volume. Fermi didn’t use the parameter 4, but he said
that the volume () could be parameterizable, then we will use the parameter
a because we don’t know exactly the radius of the Fermi volume.

Fermi obtained the Lorentz factor of Eq. asy = +/s/2myc?, where
\/s is the total energy of the system in the c.m. frame (or only c.m. energy),
Fermi in his work indicated by “W” the c.m. energy, but we will use /s
because it is the standard notation. We here derive his formula for the Lorentz
factor.

Conform the Lorentz invariance, the square of 4-momentum of the system
obtain the square of the c.m. energy, frame invariance, then

s = 2mpc*(E, + myc®) = (2Ep,)?, (H.6.1.4)

where E, is the energy of each proton (the same energy) no c.m. frame. Note
that Eg, can be wrote as

Eop = ympc?, (H.6.1.5)
where 7 is the same Lorentz factor from Eq. (H.6.1.1).

Substituting Eq. (H.6.1.5) in Eq. (H.6.1.4), we obtain the Lorentz factor that

fermi obtained,

Vs
= H.6.1.6
Note that the velocity 7 of the proton “at rest” in c.m. frame is the same as the
velocity of the c.m. in the laboratory frame. According toLandau and Lifshitz
(1975), in this case the velocity of the cm. is 7 = ﬁtatcz/Etot = ﬁlcz/(Ep +

mpc?). It is possible to get Eq. (H.6.1.6) using Eq. (H.6.1.4) and this definition

of velocity of c.m. |Landau and Lifshitz (1975).
Substituting Eq. (H.6.1.6) in Eq. (H.6.1.1), we get the expression of Fermi

for the Lorentz contraction of the volume ()

2 2
0p = 0, (H.6.1.7)
NG

Note that if the c.m. energy +/s increase, the volume )y decreases, as is pre-
dicted in special relativity. The parameter volume will be therefore energy
dependent. Fermi calculated also the cross-section as the area available for
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collisions around the pion cloud

Orot = TTRZ. (H.6.1.8)

Substituting A, of Eq. (H.6.1.3) in Eq. (H.6.1.8), we get 0o = 6 x 10726 cm?,
where 1 = 1.054 x 10~?” erg.s and ¢ = 2.9979 x 10'° cm/s a value close to the

modern experimental value.

The probability to find n particles in a volume Q) inside of the possible
physical volume V of the ‘container” is

Q n
P, = (V) ) (H.6.1.9)

where 7 is also the degrees of freedom number.

If /s is the total energy of the system, the density of states of energies
possible is

AN(V/s)

G = , H.6.1.10
where dN(4/s) is the number of states in the phase space lying between the
energies /s and /s + dy/s. It is knowledge that in the case of a particle,
the number of states in a phase space with energy +/s is gave by Ny (1/s) =
d371d®py /h3. But for ‘n’ particles we have (Reif, 1965)

VS 7y dPF Py Py
5 (h3)n

where the numerator is the volume of the phase space of particles, and the
denominator “(h3)" is the element of volume in phase space (according un-
certainty principle of Heisenberg). Note that N is dimensionless. Since each
integral over 7; extends over the volume V of the container, f a7, = V, but
there are n such integrals. Then Eq. becomes,

Nyi (V/5) (H.6.1.11)

Vv
871313

Nu(Vs) = ( )n Qu(Vs), (H.6.1.12)

where Q,(1/s) ff;”‘/g d®p1...d°p,, independent of V, is the sum over all
possible state in the momentum space. This case describes n completely in-
dependent particles.

Substituting Eq. (F1.6.1.12) in Eq. (F.6.1.10),

Gn(V/3) = (87;?13)” dQ;\(/_f). (H.6.1.13)

The probability to form this state S,(1/s) (it is knowledge how statistical
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weights) is given via product of the probability P, (Eq. [H.6.1.9) with the

density of states G, (+/s) (H.6.1.13).

Sn(\/g) = PnGn(\/g)/

S(n) = ( 87;2?13)” dQ;\(ff) (H.6.1.14)

For the case of two particles (n = 1), which produce no pion, we have that
the volume of momentum space is Q = 47p®. In the classical case we have
T’ = p?/2u (kinetic energy), where y is the reduced mass of the two protons,
p=mymy/(my,+my) =my/2,thenp = /m,T'.

The number of constraints is 1, due to the fact that the impulse in the c.m.

is zero. The classical case, Eq. (H.6.1.14), is rewrite,

Qmd/?
Sp_1 = 4n2;3 VT (H.6.1.15)

where T' = /s — 2m,,c?. In the case of extremely high energy p = 1, /s — mact ~
V/s/c (because /s > m,c?), then Q = 47(y/s/c)?, and

Q

n=1

To account for n + 1 particles, the statistical weights of the classical and
relativistic cases, respectively, are

3/2n 13n/2—1
5, = [z )" w1 , (H.6.1.17)
23n/253n/253  (3n/2 —1)!
n 3n—1
5= Vs (H.6.1.18)

7'[27’1?13nc3” (311 — 1)! ’

It can be verified that considering n = 1 in Eq. (H.6.1.17) and
we get, respectively, the Egs. and (H.6.1.16), where (1/2)! = v/2/2
(property of Gamma Function). The factors 77°*/%(3n/2 — 1)! and 712" (3n —
1)! are from the dimension of the sphere, it is analog of the factor 471/3 in
the volume of an ordinary sphere. In treating the collisions of extremely high
energy nucleons Fermi make use of thermodynamic laws, instead of consid-
ering a detailed statistical treatment. The energy density around the colliding
nucleons is so high that multiple pions will be produced.

From Planck law, the spectral intensity (dimension I, (v, T) — dE/dtdA dQ dv)
of the black body is given as

2h3 1

IU(V/ T) — C2 ehl//kT _ 1/

(H.6.1.19)

819



H.6 Fermi’s approach to the study of hadronic interactions

where k is the Boltzmann constant, v the frequency and T the temperature.

From Stefan-Boltzmann law of the black-body (radiation flux R(T) = ¢T#,
dimension dE/dt dA), the energy density p(T) (dimension dE/dV) is

I(T) = /0 o, Ty = S p(T) = ZR(T) =
_in / (v, T)dv = ‘—laT‘* (H.6.1.20)
p(T) = (15C3h3> (kT)* = (2?9:3) (kT)%, (H.6.1.21)

where 714/15 = 6 )01_0111 /n* = 6.494 (from Gamma and Riemann Zeta functions,

respectively, I'(z) and {(s)), ¢ is the Stefan-Boltzmann constant and I(T) the
spectral intensity integer in all frequency of the black-body. According to
Fermi: “Consequently the Stefan’s law for the pions will be quite similar to
the ordinary Stefan’s law of the black-body radiation. The difference is only
in a statistical weight factor. For the photons the statistical wight is the factor,
2, because of the two polarization directions. If we assume that the pions
have spin zero and differ only by their charge +e or 0, their statistical weight
will be 3. Consequently, the energy density of the pions will be obtained
by multiplying the energy density of the ordinary Stefan’s law by the factor
3/2.” Then, multiplying the energy density by 3/2, the energy
density via pions is

3 X 6.494

4
s KT (H.6.1.22)

ox(T) = p(T) =

The total energy of the system (Eq. [H.6.1.4) is divided among pions, pro-
tons and anti-protons. Then it is necessary to get the energy density via pro-
tons and anti-protons. In this case is used Planck law modified (for fermions)
as

2 P

W22 T 11/ (H.6.1.23)

Ifermton (E T)

and E
pfermion(T / Ifermron(E T) n (H6124)

It is necessary to use the Planck law modified because the protons and anti-
protons are fermions, where they obey Fermi-Dirac statistical. According to
Fermi: “The contribution of the nucleons and anti-nucleons to the energy
density is given by a similar formula. The differences are that the statistical
weight of the nucleons is eight since we have four different types of nucleons
and anti-nucleons and for each, two spin orientations. A further difference is
due to the fact that these particles obey the Pauli principle.” Then it is neces-
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sary to multiply the Stefan-Boltzmann law by fermions to 8/2. The process
is pp — m+ X, where “X” represent the protons and anti-protons, then the
energy density via protons and anti-protons is

8 4 %5682

— 4
,OX(T) = Epfermion(T) - W(kT) (H6125)

where 6 %:):1(—1)”+1 Jnt = 5.682.

The total energy density p;o of the system during the collision is given by
sum Pyt = Px + Px, but also it is the energy of c.m. divided per volume,

Ptot = \/g/ﬂo Then
QPtot = (\4_5 = Pr + Px. (H.6.1.26)
0

Substituting Eqs. (F.6.1.22) and (F1.6.1.25) in Eq. (F1.6.1.26)

V5 3x6494, ., 4x5682
Ptot = 2mpc? o 272h3 3 (kT) 2h3e3
s

(kT)*,

13c3s
5~
mpc QO

(kT)* = 0.152 (H.6.1.27)

Note that the energy density is frame invariant, psot = Eotor/ Qo = Etot /),
because cancel the Lorentz factors.

In the classical case to use the kinetics energy T’,

T' = /s — 2myc?. (H.6.1.28)

Analogously Eq. (H.6.1.27), it is possible to get the classical case (similar
Egs. [16.1.15)and [1.6.1.16)

h3C3T/2
ey
myuc=)

Analogous to the Eqs. (H.6.1.19) and (H.6.1.20) it has the definition of nu-

merical density of the black-body radiation is (see Landau and Lifshitz, 1980)

00 1) 2
n(T)=4—7T/ IV(V,T)dVZSH/ vedv N
0 0

(kT)* = 0.152 (H.6.1.29)

c hv A3 Jo /KT 1
n(T)—i kT 3/°° K2dx  T(3)7(3) (KT’
o2\ ch 0o e¥—1 2 ch )’
3
n(T) = 0.243576@, (H.6.1.30)
hc3
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where x = hv/kT. In the case of pions, (£ it is necessary multiply the

volume

last equation by 3/2 (analogous Eq. [H.6.1.22), as

(kT)3
m3c3

1 (T) = 2n(T) = 0.365

5 (H.6.1.31)

where Fermi /citeFermi got also the last expression.

Substituting Eq. (H.6.1.27) and (H.6.1.29) in Eq. (H.6.1.30), we get, respec-

tively, for the relativistic and classical cases,

3/4
HE _ 5
nfE(y/s) = 0.0888 <—hcmpc2 Q) , (H.6.1.32)
12 3/4
ME /N
nME(T') = 0.0888 (—hc e Q) : (H.6.1.33)

We can define the multiplicity of pions per collision (NJ* — #pions), for

high energy, being (using Eq.

HE
HE _ NTE

HE HE
nn QO NT[ = Tﬂnn . (H6134)
Substituting Ep. (H.6.1.32) in Eq. (H.6.1.34)
/4
m,c20Fs \ |
NHE(\/5) = 0.1777 (phf‘—ci*} . (H.6.1.35)
According Egs. (H.6.1.2) and (H.6.1.3),
4malh3cd
Substituting Eq. (H.6.1.36) in Eq. (H.6.1.35)
myc?a’s e
NHE(\/5) = 0.25422 [(72’7)3] (H.6.1.37)
7T

The pions rest mass are different, m_0c? = 0.135GeV and m,+c* = 0.139 GeV.
Fermi got that when considerer the conservation of angular momentum, it
has the effect of reduction the numbers of pions and nucleons, then he found
a factor obtained numerically of 0.51. The total energy via pions is divided
approximately equal among 7t°, 7~ and 7", then multiplying and dividing
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Eq. (H.6.1.37) per, respectively, 0.51 and 3, it gets the 77 and 77~ multiplicities

(H.6.1.38)

1/4
mpc?a’s /
(mqoc?)® |7

NI (V/s) = 0.0432 [

(H.6.1.39)

Doing m_,0c* = 0.14385m,c? and m .+ c® = 0.14875m,c? in the lest two equa-

tions,

N (V/5) = 0.1854°/4, /miiy (H.6.1.40)

p
NZE(y/5) = 0.180a°/%, /mi;, (H.6.1.41)

p
NHE (\/5) = 0.546a%/4 ﬁ (H.6.1.42)

p

where N 71;”; otal = 2N gi + N gg, can note that the lest value is the same in Fermi

(Fermuil, (1950).

The center of mass energy is according Eq. (H.6.1.4). Substituting Eq.

(H.6.1.4) in Eq. (H.6.1.37), we get the equation of Fermi to the 7t¥ multiplicity

for extreme high energies

E 1/4
NHE(E,) = 0.777a%/* (1 + WPCZ) . (H.6.1.43)

For the intermediate energy range (H.6.1.33), classical treatment. Doing the
same procedure from Eq. (H.6.1.34) to (H.6.1.40),

(V5 /myc? — 22
Vs/mpe?

Substituting Eq. (H.6.1.4) in Eq. (H.6.1.44), we get the equation of Fermi to

the multiplicity of pions in intermediate energy range,

3/2
NME(E,) = 0.777a3/4 2 . (H.6.1.45)
\/1+ Ep/mpc?

NMF(+/s) = 0.6533a°4 (H.6.1.44)
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Figure H.6.1: The graphic compares the experimental data (black points) with
the SIBYLL code (open points) and with the Kelner’s expression (Kelner et al.,
2006) for the cross section (solid curve).

H.6.2 Modern approach

Currently the modeling of pp interactions is done through computational
codes, Monte Carlo codes such as SIBYLL, PHYTHIA, Dpmjet. Kelner (Kel-
ner et al., 2006) presented new parameterizations of energy spectra of sec-
ondary particles, 7t and # mesons, gamma rays, electrons, and neutrinos pro-
duced in inelastic proton-proton collisions based on the SIBYLL code by Li-
pari (Fletcher et al., 1994). These parameterizations have very good accuracy
in the energy range above 100 GeV (see figure [H.6.1|and [H.6.2).

The fit to the pp cross section obtained by Kelner et al.|(2006) is

2
E 4
opp(Ep) = (343 + 1.88L + 0.251.%) [1 - <E—f’1> ] mb, (H.6.2.1)
P

where E, is the incident proton energy in laboratory frame (the same that
E, in the last section), L = In[E,(TeV)] and Ey, is the minimum threshold
energy of the incident proton for production of a pion (E;, = 1.22GeV) and
1mb = 1 mbarn = 10-% cm?.
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Figure H.6.2: Energy spectra of 7t and 17 mesons from the numerical simula-
tions of the SIBYLL code (histograms) and from the analytical presentations

given by Eqgs. (H.6.2.3) and (H.6.2.4) for energy 0.1 TeV.

The function that Kelner got for the multiplicity of pions “N,” is given as

dN; = Fr(x, Ep)dx, (H.6.2.2)
d
Fr(x,Ep) = ﬂqb(x, Ep), (H.6.2.3)
4
— _B 1 xbr H.6.2.4)
Psipyrr = {7 n kvxﬁv(l — xﬁv) , (H.6.2.

where E is the total energy via neutral pions productions (secondary pions
mesons), x = E;/Ey, and By, B7 and k7 are functions dependent only of E,
in the Kelner parametrization (Kelner et al., 2006, see graphic . Fig-
ure shows the spectrum distribution xF(x, E,) of 7% production as a
function of x = Ex/E,, which is the percentage of incident proton energy
transferred to the pions. Note in Fig. shoes the small probabilities of
the 71° productions at small energy transformation x < 0.0015 and large en-
ergy transformation 1 > x > 0.7 E,. The maximum probability is at x = 0.03,
indicating the approximate 3% of incident proton energy is transferred via
neutral pion 7t°. Since the experimental data show that the production of
neutral pions 71¥ is practically the same as the productions of positive 7"
and negative 71~ charged pions, then we get that approximate 10% of inci-
dent proton energy E, is transferred via pions (E).

Integrating Eq. (H.6.2.2) over x, Kelner obtained (Kelner et al., 2006) the
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Figure H.6.3: The multiplicity of neutral pions 7° in function of incident pro-
ton energy E, for intermediate energy range 50 < E, < 300 GeV. We com-
pared three results: Kelner-SIBYLL, Fermi approaches in median energy and
high energy for a = 5.

multiplicity (number) of 72° per pp collision as a function of E,,

NX(E,) = 3.92 + 0.83L + 0.075L7. (H.6.2.5)

H.6.3 Comparison between Fermi’s and
Kelner-SIBYLL’s approaches

We compared the multiplicities of neutral pions production (71°) obtained
the Fermi theoretical approach (Egs. and and the Kelner
analytical parametrization (Eq. to the SIBYLL code (Fletcher et al.
1994). The analytical parametrization of Kelner has good agreement with the
SIBYLL code for energy E, > 100GeV'.

In the figure[H.6.3lwe compare the Fermi results in high-energy region (Eq.
and median-energy region (Eq. with the description of
Kelner-SIBYLL in intermediate energy range 50 — 300 GeV. We used param-
eter 2 = 5, which give a very good agreement between Fermi result in high
energy and Kelner-SIBYLL result in the range 100 — 300 GeV. But Fermi result
in median energy Eq. gives lower multiplicity of 7¥ in this energy
range.

In the figure we use a4 = 5 and compare the Fermi result for high
energy with Kelner-SIBYLL result in the energy range 300 — 1000
GeV. We find that Fermi result is about 8% larger than Kelner-SIBYLL result,
this indicates that the validity of the Fermi approach in extremal high-energy
range is in question. Because the cross-section grows with E, (see Figure 1),
and the a parameter by its definition should become larger with larger as
the cross-section grows in this energy range. This makes that Fermi result
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Figure H.6.4: The multiplicity of neutral pions 7 in function of incident pro-
ton energy E,, for high energy range 300 < E, < 1000 GeV. We compared two
results obtained respectively by Kelner-SIBYLL and Fermi Eq. (H.6.1.43) for
a=>.

turther deviate from Kelner-SIBYLL result. One of reasons could probably be
the fact that more particles, e.g.,gluons and quarks, are exited and participate
the thermalization in the Fermi volume (), as a result, the energy transferred
to rt-productions is smaller than that estimated by Fermi with three particles
proton, neutron and pion.

H.6.4 Gamma ray flux from GRB 061007

In this section we will obtain the quantity of gamma energy produced via pp
collision in the GRB 061007. The dates that we have about this GRB are

Dyadosphere energy Ej,, = 2.16 X 10> erg

. . . o _3
BaI'lOI’I.IC loading B =215x10 (H.64.1)
Redshift z = 1.262,
Lorentz factor v = 500.

We believe that all particles possess the same energy (7 = 500) for two rea-
sons, 1 — we believe that all particles have the same probability of collision
(or transition), 2 — if the particles possessed energy different, would not form
a shell with a little thickness. Through the dates (H.6.4.1), we obtain (using
1 TeV = 1.602 erg)

{Eshdl = (14 B)Egy, =216 x 10* erg, (H642)

Ny = Ej_:#;” = 2.88 x 10°* protons,

where E, = ’ympcz ~ 0.5TeV.
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s

The mean free path of a particle in a gas with particle density “n” and cross

section “o” is given as
t = (noc)™ . (H.6.4.3)

In the case of a relativistic shell (4.9 x 103

whoso density and cross section are,

proton) interacting against a ISM

| # protons
e cmd 7 H.6.4.4
{a =40 mb=4x10"20 cm?2. ( )

Then with the lest dates, we can obtain the number of collisions (interactions)
per seconds,
collisions

N; = 3.45 x 10% .
second

(H.6.4.5)

H.6.5 Summary

We study pions productions via the high-energy proton-proton collisions in
Fermi scenario. Fermi assumes that during the collision, all particles interact
are thermalized in a volume (we call Fermi volume) spherical (), whose size is
order of pion Compton length which Fermi allowed to be parameterizable the
radius, he assumed radius equal to the Compton wavelength of pion (meson
71). The Fermi volume made up of the all particles involved in the collision,
which Fermi assume that from the collision have only: protons, anti-protons
and charged and neutral pions. Fermi made the mathematical analysis in the
center of mass frame (c.m.).

In this work we started doing detailed discussion of the main points of the
Fermi article (Fermi, 1950), we follow showing a brief argument of analyti-
cal parametrization of Kelner for the SIBYLL code and in the lest section we
compared the Fermi approach with the parametrization of Kelner.

We initiated the fermi approach demonstrating the Lorentz factor of the
particles (which they are the same for the two particles) in the center of mass
frame for in follow to obtain the expression of Fermi volume between the
c.m. and the LF, which to have the Lorentz contraction. We rebuilt the statis-
tical analysis that Fermi obtained, which for he obtain the statistical weight
Su (for “n” collisions), Fermi had to get before P, (probability of occur “n”
collisions inside of a volume V), G, (+/s) (density of states of energies possi-
ble) and N, (+/s) (number of states in the phase space). Following, we rebuilt
the Fermi calculus with details to obtain the pions multiplicity for a collision,
for Fermi get its, he used the Planck Law for the black-body (modified and
no-modified) for obtain the energy density of pions (bosons) and protons and
anti-protons (fermions). But we accrescent the letter “a” to parametrize the
curve of SIBYLL code, “a” is to parametrize the size of the Fermi volume, it
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gives the number of times of the Compton wavelength.

In the modern approach we show the parametrizations of Kelner for the
SIBYLL code, the parametrization of the cross section and multiplicity of pi-
ons. Kelner obtained very good agreement with the SIBYLL code.

In the final section we compared the Fermi results with the parametrization
of Kelner. We made two graphics for different ranges of energy of incident
proton, in the intermediate energy range (50 < E, < 300) we found good
agreement for a = 5, but in the high energy range (300 < E, < 1000) we
found that Fermi result is about 8% larger than Kelner-SIBYLL result for a =
5, then indicate that the validity of our approach is in question in this range.
Conform the first figure, the cross section of pp interactions increase with the
increasing of the energy, then the Fermi volume also would should increase

‘" 7

with the energy, but the “a” parameter is lower with the energy.

H.6.6 Appendix: Maximum and minimum energy
of the Pions

In this section we will show the energy limits of the pions created via pp
interactions and we will apply the limits in the work of Blattnig et al.| (2000).

The energy of a pion in the laboratory frame (LF) in function of its energy
in center of mass (c.m.) frame, is as

Ex = v(Eox + vporcosh), (H.6.6.1)

where 7y is the Lorentz factor, “v” the velocity of the pion, Ey, the pion energy
in the c.m. frame and pg, the pion momentum in the c.m. frame (the index
“0” inform c.m. frame and without the index “0” give in the LF). We will
consider ¢ = 1. If cosf = 1 the pion energy is maximum (E}}*¥), and if cosf) =
—1 the pion energy is minimum (E”"). Then the maximum and minimum

energy of the pion is,
max

Emin — o (Egy £ 0por). (H.6.6.2)

Developing the calculus we obtain the maximum and minimum energy of
the pions,

1
ER = = (2mpEp — 2m3 + m3 + Ry), (H.6.6.3)
P

1 .
Emin o {M(ZmpEpZm%er%Rp), if Ep > Ei‘;
T =

] (H.6.6.4)
My, if Ep < E;,
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where

—m m —2m3—m2 )2 —16mm2
R, — \/ (Ep—mp)|(2upEp 20— )2 —16n ) (H.6.6.5)

Ep+7ﬂp
2

2m2 + 2m,my —m
e PP T~ 1242 GeV. (H.6.6.6)

where Ej is the limit (threshold) of energy in the case that Ex = m.
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A.1.1 Introduction

The last century was characterized by three great successes in the field of
astrophysics, each one linked to a different energy source:

1. Jean Perrin| (1920) and Arthur Eddington! (1920) were the first to point
out, independently, that the nuclear fusion of four hydrogen nuclei into
one helium nucleus could explain the energy production in stars. This
idea was put on a solid theoretical base by Atkinson and Houtermans
(1929alb) using George Gamow’s quantum theory of barrier penetra-
tion (Gamow and Houtermans, [1929) further developed by C.F. von
Weizsdckr| (1937, 1938). The monumental theoretical work by Hans
Bethe| (1939), and later by Burbidge et al.| (1957), completed the under-
standing of the basic role of nuclear energy generated by fusion pro-
cesses in explaining the energy source of main sequence stars

(Schwarzschild) 1965).

2. Pulsars, especially NP0532 at the center of the Crab nebula, were dis-
covered by Jocelyn Bell and Tony Hewish (Bell and Hewish, |1967), and
many theorists were actively trying to explain them as rotating neu-
tron stars (see (Gold, [1968, [1969; Pacini, 1968; Finzi and Wolf, [1968).
These had already been predicted by George Gamow using Newtonian
physics (Gamow, 1938) and by Robert Julius Oppenheimer and stu-
dents using General Relativity (Oppenheimer and Serber, |1938; Oppen-
heimer and Snyder, 1939; Oppenheimer and Volkoff, 1939). The crucial
evidence confirming that pulsars were neutron stars came when their
energetics was understood (Finzi and Wolf, 1968). The following rela-
tion was established from the observed pulsar period P and its always
positive first derivative dP/dt:

dE Ins dP
= ~ 4PN T Al1.1.1
(dt)obs TS ar ( )

where <‘fi—f)obs is the observed pulsar bolometric luminosity, Iy is its

moment of inertia derived from the neutron star theory. This has to
be related to the observed pulsar period. This equation not only iden-
tifies the role of neutron stars in explaining the nature of pulsars, but
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clearly indicates the rotational energy of neutron star as the pulsar en-
ergy source.

3. The birth of X-ray astronomy thanks to Riccardo Giacconi and his group
(see e.g. Giacconi et al., 1978) led to a still different energy source, orig-
inating from the accretion of matter onto a star which has undergone
a complete gravitational collapse process: a black hole (see e.g. Ruffini
and Wheeler, 1971). In this case, the energetics is dominated by the
radiation emitted in the accretion process of matter around an already
formed black hole. Luminosities up to 10* times the solar luminosity,
much larger then the ones of pulsars, could be explained by the release
of energy in matter accreting in the deep potential well of a black hole
(Leach and Ruffini, [1973). This allowed to probe for the first time the
structure of circular orbits around a black hole computed by Ruffini and
Wheeler (see e.g. Landau and Lifshitz, 1980). This result was well illus-
trated by the theoretical interpretation of the observations of Cygnus-
X1, obtained by the Uhuru satellite and by the optical and radio tele-

scopes on the ground (see Fig. |A.1.1).

These three results clearly exemplify how the identification of the energy
source is the crucial factor in reaching the understanding of any astrophysical
or physical phenomenon.

The discovery of Gamma-Ray Bursts (GRBs) may well sign a further deci-
sive progress. GRBs can give in principle the first opportunity to probe and
observe a yet different form of energy: the extractable energy of the black hole
introduced in 1971 (Christodoulou and Ruffini, (1971), which we shall refer in
the following as the blackholic energ The blackholic energy, expected to be
emitted during the dynamical process of gravitational collapse leading to the
formation of the black hole, generates X- and 7-ray luminosities 10>! times
larger than the solar luminosity, which manifest themselves in the GRB phe-
nomenon. In the very short time they last, GRBs are comparable with the full
electromagnetic luminosity of the entire visible universe.

A.1.2 The discovery of GRBs and the early
theoretical works

We recall how GRBs were detected and studied for the first time using the
Vela satellites, developed for military research to monitor the non-violation
of the Limited Test Ban Treaty signed in 1963 (see e.g. Strong, 1975). It was
clear from the early data of these satellites, which were put at 150, 000 miles
from the surface of Earth, that the GRBs originated neither on the Earth nor

I This name is the English translation of the Italian words “energia buconerale”, introduced
by Iacopo Ruffini, December 2004, here quoted by his kind permission.
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Figure A.1.1: Cygnus X-1, here represented in a artist view, offered the pos-
sibility of identifying the first black hole in our galaxy (Leach and Ruffini,
. The luminosity ® of 10* solar luminosities points to the accretion pro-
cess into a neutron star or a black hole as the energy source. The absence of
pulsation is naturally explained either by a non-magnetized neutron star or
a Kerr-Newman black hole, which has necessarily to be axially symmetric.
What identifies the black hole unambiguously is that the mass of Cygnus X-
1, observed to be larger than 9M,, exceeds the absolute upper limit of the
neutron star mass, estimated at 3.2M, by Rhoades and Ruffini (1974).
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Figure A.1.2: The effective potential corresponding to the circular orbits in the
equatorial plane of a black hole is given as a function of the angular momen-
tum of the test particle. This digram was originally derived by Ruffini and
Wheeler (right picture, reproduced with permission of the Joseph Henry Lab-
oratories). For details see Landau and Lifshitz (1980) and [Rees et al. (1974).

in the Solar System. This discovery luckily occurred when the theoretical
understanding of gravitationally collapsed objects, as well as the quantum
electrodynamics of the vacuum polarization process, had already reached full
maturity.

Three of the most important works in the field of general relativity have
certainly been the discovery of the Kerr solution (Kerr| [1963), its generaliza-
tion to the charged case (Newman et al., 1965) and the formulation by Bran-
don (Carter| (1968) of the Hamilton-Jacobi equations for a charged test particle
in the metric and electromagnetic field of a Kerr-Newman solution (see e.g.
Landau and Lifshitz, [1980). The equations of motion, which are generally
second order differential equations, were reduced by Carter to a set of first
order differential equations which were then integrated by using an effective
potential technique by Ruffini and Wheeler for the Kerr metric (see e.g. Lan-
dau and Lifshitz, 1980) and by Ruffini for the Reissner-Nordstrem geometry
(Ruffini| 1973, , see Fig.[A.1.2).

All the above mathematical results were essential for understanding the
new physics of gravitationally collapsed objects and allowed the publication
of a very popular article: “Introducing the black hole” (Ruftini and Wheeler,
1971). In that paper, it was advanced the ansatz that the most general black
hole is a solution of the Einstein-Maxwell equations, asymptotically flat and
with a regular horizon: the Kerr-Newman solution. Such a solution is charac-
terized only by three parameters: the mass M, the charge Q and the angular
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momentum L. This ansatz of the “black hole uniqueness theorem” still today
after thirty years presents challenges to the mathematical aspects of its com-
plete proof (see e.g. Carter, in press; Bini et al., 2002). In addition to the chal-
lenges due to the above mathematical difficulties, in the field of physics this
ansatz contains most profound consequences. The fact that, among all the
possible highly nonlinear terms characterizing the gravitationally collapsed
objects, only the ones corresponding solely to the Einstein-Maxwell equa-
tions survive the formation of the horizon has, indeed, extremely profound
physical implications. Any departure from such a minimal configuration ei-
ther collapses on the horizon or is radiated away during the collapse process.
This ansatz is crucial in identifying precisely a standard process of gravita-
tional collapse leading to the formation of the black hole and the emission of
GRBs. Indeed, in this specific case, the Born-like nonlinear (Born, 1934) terms
of the Heisenberg-Euler-Schwinger (Heisenberg and Euler, 1936; Schwinger,
1951) Lagrangian are radiated away prior to the formation of the horizon of
the black hole (see e.g. Ruffini et al,, in preparation). Only the nonlinearity
corresponding solely to the classical Einstein-Maxwell theory is left as the
outcome of the gravitational collapse process.

The same effective potential technique (see Landau and Lifshitz 1980),
which allowed the analysis of circular orbits around the black hole, was cru-
cial in reaching the equally interesting discovery of the reversible and irre-
versible transformations of black holes by Christodoulou and Rutffini| (1971),
which in turn led to the mass-energy formula of the black hole:

2
B2, = M2t = (Mircz + Z%i) + L:Ziz, (A.1.2.1)
with L e
iy (C—8> <Q4 +4L2c2) <1, (A12.2)
where
L2 G?
S =dmp’ =4n(r’ + o) = 167 (C—4) MZ, (A.1.2.3)

is the horizon surface area, M, is the irreducible mass, r is the horizon
radius and p; is the quasi-spheroidal cylindrical coordinate of the horizon
evaluated at the equatorial plane. Extreme black holes satisfy the equality in
Eq.(A.12.2).

From Eq.(A.1.2.1) follows that the total energy of the black hole Epp can
be split into three different parts: rest mass, Coulomb energy and rotational
energy. In principle both Coulomb energy and rotational energy can be ex-
tracted from the black hole (Christodoulou and Ruffini,[1971). The maximum
extractable rotational energy is 29% and the maximum extractable Coulomb
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energy is 50% of the total energy, as clearly follows from the upper limit for
the existence of a black hole, given by Eq.(A.1.2.2). We refer in the following
to both these extractable energies as the blackholic energy.

The existence of the black hole and the basic correctness of the circular or-
bit binding energies has been proven by the observations of Cygnus-X1 (see
e.g. (Glacconi et al., [1978). However, as already mentioned in binary X-ray
sources, the black hole uniquely acts passively by generating the deep poten-
tial well in which the accretion process occurs. It has become tantalizing to
look for astrophysical objects in order to verify the other fundamental pre-
diction of general relativity that the blackholic energy is the largest energy
extractable from any physical object.

We also recall that the feasibility of the blackholic energy extraction has
been made possible by the quantum processes of creating, out of classical
tields, a plasma of electron-positron pairs in the field of black holes. Heisen-
berg and Euler| (1936) clearly evidenced that a static electromagnetic field
stronger than the critical value:

2.3
E. = mh@ec (A.12.4)

can polarize the vacuum and create electron-positron pairs. The major effort
in verifying the correctness of this theoretical prediction has been directed
in the analysis of heavy ion collisions (see Ruffini et al., in preparation, and
references therein). From an order-of-magnitude estimate, it would appear
that around a nucleus with a charge:

Ze o~ = 137 (A.1.2.5)

the electric field can be as strong as the electric field polarizing the vacuum.
A more accurate detailed analysis taking into account the bound states levels
around a nucleus brings to a value of

Z. ~173 (A.1.2.6)

for the nuclear charge leading to the existence of a critical field. From the
Heisenberg uncertainty principle it follows that, in order to create a pair, the
existence of the critical field should last a time

h
s 10185, (A.12.7)
e

At ~

which is much longer then the typical confinement time in heavy ion colli-
sions which is

At ~ ~10"%s. (A.1.2.8)

5 =
myC
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This is certainly a reason why no evidence for pair creation in heavy ion col-
lisions has been obtained although remarkable effort has been spent in vari-
ous accelerators worldwide. Similar experiments involving laser beams meet
with analogous difficulties (see e.g.|Ruffini et al., in preparation).

Damour and Ruffini (1975) advanced the alternative idea that the critical
field condition given in Eq.(A.1.2.4) could be easily reached, and for a time
much larger than the one given by Eq.(A.1.2.7), in the field of a Kerr-Newman
black hole in a range of masses 3.2My < Mpy < 7.2 x 10°M,. In that paper
there was generalized to the curved Kerr-Newman geometry the fundamen-
tal theoretical framework developed in Minkowski space by Heisenberg and
Euler (1936) and |Schwinger (1951). This result was made possible by the
work on the structure of the Kerr-Newman spacetime previously done by
Carter| (1968) and by the remarkable mathematical craftsmanship of Thibault
Damour then working with one of us (RR) as a post-doc in Princeton. We
give on this topic some additional details in the next sections.

The maximum energy extractable in such a process of creating a vast amount
of electron-positron pairs around a black hole is given by:

Emax = 1.8 x 10°* (Mpy/Ms) erg. (A.1.2.9)

We concluded in that paper that such a process “naturally leads to a most
simple model for the explanation of the recently discovered -y-rays bursts”.

At that time, GRBs had not yet been optically identified and nothing was
known about their distance and consequently about their energetics. Literally
thousands of theories existed in order to explain them and it was impossible
to establish a rational dialogue with such an enormous number of alterna-
tive theories (see Ruftini, 2001). As we will see, this situation was drastically
modified by the observations of BeppoSAX.

A.1.3 CGRO, BeppoSAX and the further
theoretical developments

The mystery of GRBs became deeper as the observations of the BATSE instru-
ment on board of the Compton Gamma-Ray Observatory (CGRO) satelliteﬂ
over 9 years proved the isotropy of these sources in the sky (See Fig. [A.1.3).
In addition to these data, the CGRO satellite gave an unprecedented number
of details on the GRB structure, on their spectral properties and time variabil-
ities which have been collected in the fourth BATSE catalog (Paciesas et al.,
1999, , see e.g. Fig. [A.1.4). Analyzing these BATSE sources the existence
of two distinct families of sources became clear (see e.g. Kouveliotou et al.,
1993; Tavani, [1998): the long bursts, lasting more then one second and softer

2see http:/ /cossc.gsfc.nasa.gov /batse/
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2704 BATSE Gamma-Ray Bursts

Fluence, 50-300 keV (ergs cm?)

Figure A.1.3: Position in the sky, in galactic coordinates, of 2000 GRB events
seen by the CGRO satellite. Their isotropy is evident. Reproduced from
BATSE web site by their courtesy.
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Figure A.1.4: Some GRB light curves observed by the BATSE instrument on
board of the CGRO satellite.

in spectra, and the short bursts (see Fig. [A.1.6), harder in spectra (see Fig.
A.1.5). We shall return shortly on this topic.

The situation drastically changed with the discovery of the afterglow by the
Italian-Dutch satellite BeppoSAX (Costa et al., 1997). Such a discovery led to
the optical identification of the GRBs by the largest telescopes in the world,
including the Hubble Space Telescope, the Keck Telescope in Hawaii and the
VLT in Chile, and allowed as well the identification in the radio band of these
sources. The outcome of this collaboration between complementary obser-
vational technique made possible in 1997 the identification of the distance of
these sources from the Earth and of their tremendous energy of the order up
to 10°* erg/second during the burst, which indeed coincides with the theo-
retical prediction made by [Damour and Ruffini|(1975) given in Eq.(A.1.2.9).
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Figure A.1.5: The energy fluence-averaged hardness ratio for short (T < 1s)
and long (T > 1 s) GRBs are represented. Reproduced, by his kind permis-

sion, from (1998) where the details are given.
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Figure A.1.6: Status of GRB observations following the BATSE and Bep-
poSAX observations: On the upper right part of the figure are plotted the
number of the observed GRBs as a function of their duration. The bimodal
distribution corresponding respectively to the short bursts, upper left figure,
and the long bursts, middle figure, is quite evident. The afterglow component
is represented in the lowest figures. The theoretical goal is to find a coherent
astrophysical explanation for all these different phenomena.
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The resonance between the X- and gamma ray astronomy from the satel-
lites and the optical and radio astronomy from the ground, had already marked
the great success and development of the astrophysics of binary X-ray sources
in the seventies (see e.g. Giacconi et al., 1978). This resonance is re-proposed
here for GRBs on a much larger scale. The use of much larger satellites, like
Chandra and XMM-Newton, and specific space missions, like HETE-II and
Swift, together with the very lucky circumstance of the development of opti-
cal technologies for the telescopes, such as Keck in Hawaii and VLT in Chile,
offers today opportunities without precedence in the history of mankind.

Turning now to the theoretical progresses, it is interesting that the idea of
using an electron-positron plasma as a basis of a GRB model, introduced in
Damour and Ruffini| (1975), was independently considered years later in a
set of papers by Cavallo and Rees (1978), Cavallo and Horstman! (1981) and
Horstman and Cavallo| (1983). However, these authors did not address the
issue of the physical origin of their energy source. They reach their conclu-
sions considering the pair creation and annihilation process occurring in the
confinement of a large amount of energy in a region of dimension ~ 10 km
typical of a neutron star. No relation to the physics of black holes nor to the
energy extraction process from a black hole was envisaged in their interesting
considerations, mainly directed to the study of the creation and consequent
evolution of such an electron-positron plasma.

After the discovery of the afterglows and the optical identification of GRBs
at cosmological distances, implying exactly the energetics predicted in Eq.
(A.1.2.9), we returned to the analysis of the vacuum polarization process
around a black hole and precisely identified the region around the black
hole in which the vacuum polarization process and the consequent creation
of electron-positron pairs occur. We defined this region, using the Greek
name for pairs (dvdg, dvidog), to be the “dyadosphere” of the black hole,
bounded by the black hole horizon and the dyadosphere radius ry; given by
(see Rutfini, 1998; Preparata et al., 1998):

C(R\I(GM\ZI mp\EeNT/ Q NI

(A.13.1)
where we have introduced the dimensionless mass and charge parameters
i = Mpy/Mes, € = Q/(Mpyyv/G) < 1. The total energy of the electron
positron pairs, E'Y is equal to the dyadosphere energy Edya-

Our GRB model, like all prevailing models in the existing literature (see
e.g. Piran, 2005} [Mészaros, 2002; Meszaros, 2006, and references therein), is
based on the acceleration of an optically thick electron-positron plasma. The
mechanism responsible for the origin and the energetics of such a plasma, ei-
ther in relation to black hole physics or to other physical processes, has often
been discussed qualitatively in the GRB scientific literature but never quan-
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titatively with explicit equations. The concept of the dyadosphere (Ruffini,
1998; Preparata et al., [1998) is the only attempt, as far as we know, to do this.
It relates such an electron-positron plasma to black hole physics and to the
features of the GRB progenitor star, using explicit equations that satisfy the
existing physical laws (see e.g. [Christodoulou and Rutffini (1971); Ruffini et al.
(2005a) and references therein, see also |Misner et al.| (1973)). This step is es-
sential if one wishes to identify the physical origin and energetics of GRBs.
All the successive evolution of the electron-positron plasma are independent
on this step and are indeed common to all prevailing GRB models in the lit-
erature. Of course, great differences still exist between the actual treatments
of this evolution in the current literature, as we show in the next sections.

Analogies exist between the concept of dyadosphere and the work of Cav-
allo and Rees| (1978), as well as marked conceptual differences. In the dya-
dosphere the created electron-positron pairs are assumed to reach thermal
equilibrium and have an essential role in the dynamical acceleration pro-
cess of GRBs. In |Cavallo and Rees (1978) it is assumed that the created
electron-positron pairs do annihilate in a cascade process in a very short
bremsstrahlung time scale: they cannot participate in any way to the dynam-
ical phases of the GRB process. It is interesting that these differences can be
checked both theoretically and observationally. It should be possible, in the
near future, to evaluate all the cross sections involved by the above annihi-
lation processes and assess by a direct explicit analysis which one of the two
above approaches is the correct one. On the other side, such two approaches
certainly lead to very different predictions for the GRB structure, especially
for the short ones. These predictions will certainly be compared to observa-
tions in the near future.

We have already emphasized that the study of GRBs is very likely “the”
most extensive computational and theoretical investigation ever done in phy-
-sics and astrophysics. There are at least three different fields of research
which underlie the foundation of the theoretical understanding of GRBs. All
three, for different reasons, are very difficult.

The first field of research is special relativity. As one of us (RR) always
mention to his students in the course of theoretical physics, this field is para-
doxically very difficult since it is extremely simple. In approaching special
relativistic phenomena the extremely simple and clear procedures expressed
by Einstein in his 1905 classic paper (Einstein, 1905) are often ignored. Ein-
stein makes use in his work of very few physical assumptions, an almost el-
ementary mathematical framework and gives constant attention to a proper
operational definition of all observable quantities.

The second field of research essential for understanding the energetics of
GRBs deals with quantum electrodynamics and the relativistic process of pair
creation in overcritical electromagnetic fields as well as in very high density
photon gas. This topic is also very difficult but for a quite different concep-
tual reason: the process of pair creation, expressed in the classic works of
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Heisenberg-Euler-Schwinger (Heisenberg and Euler, 1936; Schwinger, 1951)
later developed by many others, is based on a very powerful theoretical
framework but has not yet been verified by experimental data. Similarly, the
creation of electron-positron pairs from high density and high energy pho-
tons lacks still today the needed theoretical description. As we will show in
the next sections, there is the tantalizing possibility of observing these phe-
nomena, for the first time, in the astrophysical setting of GRBs on a more
grandiose scale.

There is a third field which is essential for the understanding of the GRB
phenomenon: general relativity. In this case, contrary to the case of special
relativity, the field is indeed very difficult, since it is very difficult both from a
conceptual, technical and mathematical point of view. The physical assump-
tions are indeed complex. The entire concept of geometrization of physics
needs a new conceptual approach to the field. The mathematical complexity
of the pseudo-Riemannian geometry contrasts now with the simple structure
of the pseudo-Euclidean Minkowski space. The operational definition of the
observable quantities has to take into account the intrinsic geometrical prop-
erties and also the cosmological settings of the source. With GRBs we have
the possibility to follow, from a safe position in an asymptotically flat space
at large distance, the formation of a black hole horizon with all the associated
relativistic phenomena of light bending and time dilatation.

For these reasons GRBs offer an authentic new frontier in the field of physics
and astrophysics. We recall that in the special relativity field, for the first
time, we observe phenomena occurring at Lorentz gamma factors of approx-
imately 400. In the field of relativistic quantum electro-dynamics we see for
the first time the interchange between classical fields and high density photon
tields with the created quantum matter-antimatter pairs. In the field of gen-
eral relativity also for the first time we can test the blackholic energy which is
the basic energetic physical variable underlying the entire GRB phenomenon.

The most appealing aspect of this work is that, if indeed these three differ-
ent fields are treated and approached with the necessary technical and scien-
tific maturity, the model which results has a very large redundancy built-in.
The approach requires an unprecedented level of self-consistency. Any de-
partures from the correct theoretical treatment in this very complex system
lead to exponential departures from the correct solution and from the correct
tit of the observations.

It is so that, as the model is being properly developed and verified, its solu-
tion will have existence and uniqueness. In order to build a theoretical GRB
model, we have found necessary to establish clear guidelines by introducing
three basic paradigms for the interpretation of GRBs.
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identifying the “canonical
GRBs”

A.2.1 The Relative Space-Time Transformation
(RSTT) paradigm

The ongoing dialogue between our work and the one of the workers on GRBs
rests still on some elementary considerations presented by Einstein in his
classic article of 1905 (Einstein, 1905). These considerations are quite general
and even precede Einstein’s derivation, out of first principles, of the Lorentz
transformations. We recall here Einstein’s words: “We might, of course, con-
tent ourselves with time values determined by an observer stationed together
with the watch at the origin of the co-ordinates, and co-ordinating the corre-
sponding positions of the hands with light signals, given out by every event
to be timed, and reaching him through empty space. But this co-ordination
has the disadvantage that it is not independent of the standpoint of the ob-
server with the watch or clock, as we know from experience”.

The message by Einstein is simply illustrated in Fig. If we consider
in an inertial frame a source (solid green line) moving with high speed and
emitting light signals (dashed red lines) along the direction of its motion, a
far away observer will measure a delay At, between the arrival time of two
signals respectively emitted at the origin and after a time interval At in the
laboratory frame, which in our case is the frame where the black hole is at
rest. The real velocity of the source is given by:

Ar
= — A211
Y (a211)
and the apparent velocity is given by:
Ar
Oapp = A_t,l , (A.2.1.2)

As pointed out by Einstein the adoption of coordinating light signals simply
by their arrival time as in Eq.(A.2.1.2), without an adequate definition of syn-
chronization, is incorrect and leads to unsurmountable difficulties as well as
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Figure A.2.1: Relation between the arrival time ¢, and the laboratory time ¢.
Details in |Ruffini et al. (2001c, 2003).
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to apparently “superluminal” velocities as soon as motions close to the speed
of light are considered.

The use of At, as a time coordinate should be done with proper care. The
relation between At, and the correct time parameterization in the laboratory
frame has to be taken into account:

A 1 rtotAt
Aty = At — Tr = At — E/ o () dt'. (A.2.13)
to

In other words, the relation between the arrival time and the laboratory time
cannot be done without a knowledge of the speed along the entire world-line
of the source. In the case of GRBs, such a worldline starts at the moment of
gravitational collapse. It is of course clear that the parameterization in the
laboratory frame has to take into account the cosmological redshift z of the
source. We then have, at the detector:

A = (1+42) Aty (A.2.1.4)

In the current GRB literature, Eq.(A.2.1.3)) has been systematically neglected
by addressing only the afterglow description. Often the integral equation has
been approximated by a clearly incorrect instantaneous value:

At
Aty ~ pTvE (A.2.1.5)
The attitude has been adopted to consider separately the afterglow part of the
GRB phenomenon, without the knowledge of the entire equation of motion
of the source.

This point of view has reached its most extreme expression in the works
reviewed by Piran| (1999, 2000), where the so-called “prompt radiation”, last-
ing on the order of 10* s, is considered as a burst emitted by the prolonged
activity of an “inner engine”. In these models, generally referred to as the
“internal shock model”, the emission of the afterglow is assumed to follow
the “prompt radiation” phase (Rees and Meszaros, 1994; Paczynski and Xu,
1994; Sari and Piran, (1997; |[Fenimore, [1999; Fenimore et al., 1999).

As we outline in the following sections, this point of view originates from
the inability of obtaining the time scale of the “prompt radiation” from a burst
structure. These authors consequently appeal to the existence of an “ad hoc”
inner engine in the GRB source to solve this problem.

We show in the following sections how this difficulty has been overcome in
our approach by interpreting the “prompt radiation” as an integral part of the
afterglow and not as a burst. This explanation can be reached only through a
relativistically correct theoretical description of the entire afterglow (see sec-
tion for which is essential the knowledge of the entire past worldline of
the source. We show that at 10? seconds the emission occurs from a region
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of dimensions of approximately 10

the afterglow.

We can now turn to the first paradigm, the relative space-time transforma-
tion (RSTT) paradigm (Ruffini et al., 2001c) which emphasizes the importance
of a global analysis of the GRB phenomenon encompassing both the optically
thick and the afterglow phases. Since all the data are received in the detector
arrival time, it is essential to know the equations of motion of all relativis-
tic phases with v > 1 of the GRB sources in order to reconstruct the time
coordinate in the laboratory frame, see Eq.(A.2.1.3). Contrary to other phe-
nomena in nonrelativistic physics or astrophysics, where every phase can be
examined separately from the others, in the case of GRBs all the phases are
inter-related by their signals received in arrival time tg. It is necessary, in or-
der to describe the physics of the source, to derive the laboratory time ¢ as
a function of the arrival time ¢ along the entire past worldline of the source
using Eq.(A.2.1.4).

An additional difference, also linked to special relativity, between our treat-
ment and the ones in the current literature relates to the assumption of the
existence of scaling laws in the afterglow phase: the power law dependence
of the Lorentz gamma factor on the radial coordinate is usually systemati-
cally assumed. From the proper use of the relativistic transformations and by
the direct numerical and analytic integration of the special relativistic equa-
tions of motion we demonstrate (see the following report about “Relativistic
effects in Physics and Astrophysics”) that no simple power-law relation can
be derived for the equations of motion of the system. This situation is not
new for workers in relativistic theories: scaling laws exist in the extreme ul-
trarelativistic regimes and in the Newtonian ones but not in the intermediate
tully relativistic regimes (see e.g. Ruffini, 1973).

cm, well within the region of activity of

A.2.2 The Interpretation of the Burst Structure
(1BS) paradigm

We turn now to the second paradigm, which is more complex since it deals
with all the different phases of the GRB phenomenon. We first address the
dynamical phases following the dyadosphere formation.

After the vacuum polarization process around a black hole, one of the top-
ics of the greatest scientific interest is the analysis of the dynamics of the
electron-positron plasma formed in the dyadosphere. This issue was ad-
dressed by us in a collaboration with Jim Wilson at Livermore. The numerical
simulations of this problem were developed at Livermore, while the semi-
analytic approach was developed in Rome (see Ruffini et al.,[1999, 2000, and
section[A.3).

The corresponding treatment in the framework of the Cavallo, Rees et al.
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analysis was performed by |Piran et al| (1993) also using a numerical ap-
proach, by Bisnovatyi-Kogan and Murzina (1995) using an analytic approach
and by Meszaros et al.| (1993) using a numerical and semi-analytic approach.
Although some analogies exists between these treatments, they are signif-
icantly different in the theoretical details and in the final results (see Bianco
et al., 2006b, and section the following report about “Relativistic effects in
Physics and Astrophysics”). Since the final result of the GRB model is ex-
tremely sensitive to any departure from the correct treatment, it is indeed
very important to detect at every step the appearance of possible errors.

A.2.2.1 The optically thick phase of the fireshell

There are some common conclusion to all these treatments: the electron-
positron plasma is initially optically thick and expands reaching very high
values of the Lorentz gamma factor until the transparency; the plasma shell
expands but the Lorentz contraction is such that its width in the laboratory
frame appears to be constant. This self acceleration of the thin shell is the
distinguishing factor of GRBs, conceptually very different from the physics
of a fireball developed by the inner pressure of an atomic bomb explosion in
the Earth’s atmosphere. In the case of GRBs the region interior to the shell is
inert and with pressure totally negligible: the entire dynamics occurs on the
shell itself. For this reason, we refer in the following to the self accelerating
shell as the “fireshell”.

There is a major difference between our approach and the ones of Piran,
Mészaros and Rees. In our approach the dyadosphere is assumed to be ini-
tially filled uniquely with an electron-positron plasma, without any bary-
onic contamination. Such an electron-positron plasma expands in substan-
tial agreement with the results presented in the work of Bisnovatyi-Kogan
and Murzina| (1995). In our model the fireshell of electron-positron pairs and
photons (PEM pulse, see |Ruffini et al., 1999) evolves and then meets the rem-
nant of the star progenitor of the newly formed black hole. The fireshell is
then loaded with baryons. A new fireshell is formed of electron-positron-
photons and baryons (PEMB pulse, see Ruffini et al.,|2000) which expands all
the way until transparency is reached. At transparency the emitted photons
give origin to the P-GRB (see Ruffini et al., 2001b, and Fig.[A.2.2).

In our approach, the baryon loading is measured by a dimensionless quan-
tity

2
p = M (A2.2.1)
Edya

which gives direct information about the mass Mp = Npm,, of the remnant,
where m, is the proton mass. The corresponding treatment done by Piran
and collaborators (Shemi and Piran, |1990; Piran et al., 1993) and by Meszaros
et al[(1993) differs in one important respect: the baryonic loading is assumed

849



A.2 The three paradigms identifying the “canonical GRBs”

Source luminosity (ergs/(s*sterad))

/

/
/ /

__P-GRB

Baryonic remnant

- Dyadosphere™.

\ \\ //

\
\

\
|

N\

/

/

Lorentz  factor

1
1

100

llly,"”

08

.
10"

, L ,
102 10'* 10'®

Radial coordinate (r) (cm)

.
10'8

1e+051

1e+050

1e+049 |-

1e+048 |-

1e+047 |

1e+046 |

1e+045 |

1e+044 |

1e+043

1e+042

0.0001

0.01

100

10000 1e+006

Detector arrival time (tad) (s)

1e+008

Figure A.2.2: Above: The optically thick phase of the fireshell evolution are
qualitatively represented in this diagram. There are clearly recognizable 1)
the PEM pulse phase, 2) the impact on the baryonic remnant, 3) the PEMB
pulse phase and the final approach to transparency with the emission of the
P-GRB. Details in Ruffini et al. (2003). Below: The P-GRB emitted at the trans-
parency point at a time of arrival ¢ which has been computed following the
prescriptions of Eq.(A.2.1.3). Details in [Ruffini et al[ (2001b)} [2003).
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to occur from the beginning of the electron-positron pair formation and no re-
lation to the mass of the remnant of the collapsed progenitor star is attributed
to it. While our results are comparable with the ones obtained by Piran under
the same initial conditions, the set of approximations adopted by Meszaros
et al. (1993) appears to be too radical and leads to different results violating
energy and momentum conservation (see section the following report about
“Relativistic effects in Physics and Astrophysics”and |Bianco et al.,2006b).

From our analysis (Ruffini et al., 2000) it also becomes clear that such ex-
panding dynamical evolution can only occur for values of B < 1072, This
prediction, as we will show shortly in the many GRB sources considered, is
very satisfactorily confirmed by observations.

From the value of the B parameter, related to the mass of the remnant, it
therefore follows that the collapse to a black hole leading to a GRB is dras-
tically different from the collapse to a neutron star. While in the case of a
neutron star collapse a very large amount of matter is expelled, in many in-
stances well above the mass of the neutron star itself, in the case of black
holes leading to a GRB only a very small fraction of the initial mass (~ 1072
or less) is ejected. The collapse to a black hole giving rise to a GRB appears to
be much smoother than any collapse process considered until today: almost
99.9% of the star has to be collapsing simultaneously!

We summarize in Fig. the optically thick phase of the fireshell evo-
lution: we start from a given total electron-positron pairs energy E'%'; the
tireshell self-accelerates outward; an abrupt decrease in the value of the Lorentz
gamma factor occurs by the engulfment of the baryonic loading followed by
a further self-acceleration until the fireshell becomes transparent.

The photon emission at this transparency point is the P-GRB. An acceler-
ated beam of baryons with an initial Lorentz gamma factor <y, starts to inter-
act with the interstellar medium at typical distances from the black hole of
7o ~ 10 cm and at a photon arrival time at the detector on the Earth surface
of 4 ~ 0.1 s. These values determine the initial conditions of the afterglow.

A.2.2.2 The afterglow

After reaching transparency and the emission of the P-GRB, the ABM pulse
interacts with the CBM and gives rise to the afterglow (see Fig.[A.2.3).

We first look to the initial value problem. The initial conditions of the after-
glow era are determined at the end of the optically thick era when the P-GRB
is emitted. As recalled in the section the transparency condition is deter-
mined by a time of arrival t, a value of the Lorentz gamma factor 7., a value
of the radial coordinate r,, an amount of baryonic matter Mp which are only
functions of the two parameters E'%' and B (see Eq.(A.2.2.)).

This connection to the optically thick era is missing in the current approach
in the literature (see |Piran, 1999, and references therein). The initial condi-
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Figure A.2.3: The GRB afterglow phase is here represented together with the
optically thick phase (see Fig. [A.2.2). The value of the Lorentz gamma factor
is here given from the transparency point all the way to the ultrarelativisitc,
relativistic and non relativistic regimes. Details in Ruffini et al. (2003).

tions at the beginning of the afterglow are obtained by a best fit of the later
parts of the afterglow. The order of magnitude estimate usually quoted for
the characteristic time scale to be expected for a burst emitted by a GRB at the
moment of transparency at the end of the optically thick expansion phase is
givenby T ~ GM/ c3. For a 10M; black hole this will give ~ 103 s. There
are reasons today not to take seriously such an order of magnitude estimate
(see e.g. Ruffini et al., 2005d). In any case this time is much shorter than the
ones typically observed in “prompt radiation” of the long bursts, from a few
seconds all the way to 107 s. In the current literature, in order to explain the
“prompt radiation” and overcome the above difficulty it has been generally
assumed that its origin should be related to a prolonged “inner engine” ac-
tivity preceding the afterglow which is not well identified.

The way out of this dichotomy in our model is drastically different: 1) in-
deed the optically thick phase exists, is crucial to the GRB phenomenon and
terminates with a burst: the P-GRB; 2) the “prompt radiation” follows the
P-GRB; 3) the “prompt radiation” is not a burst: it is actually the temporally
extended peak emission of the afterglow (E-APE). The observed structures of
the prompt radiation can all be traced back to inhomogeneities in the CBM
(see Fig. and [Ruffini et al,2002a)).

This approach was first tested on GRB 991216. Both the relative intensity
and time separation of the P-GRB and the afterglow were duly explained (see
Fig. choosing a total electron-positron pairs energy E%' = 4.83 x 10°
erg and a baryon loading B = 3.0 x 1073 (see Ruffini et al., 2001b} 2002a,
2003, 2005a). Similarly, the temporal substructure in the prompt emission
was explicitly shown to be related to the CBM inhomogeneities (see section

A5.1).
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Figure A.2.4: The detailed features of GRB 991216 evidenced by our theoret-
ical models are here reproduced. The P-GRB, the “prompt radiation” and
what is generally called the afterglow. The prompt emission observed by
BATSE coincides with the extended afterglow peak emission (E-APE) and has
been considered as a burst only as a consequence of the high noise threshold
in the observations. The small precursor is identified with the P-GRB. For
this source we have B ~ 3.0 x 1073 and (n,,) ~ 1.0 particles/cm3. Details
in Ruffini et al. (2001b, 2002a) 2003, 2005a).
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Figure A.2.5: Bolometric luminosity of P-GRB and afterglow as a function of
the arrival time. Details in [Ruffini et al| (2003). Reproduced and adapted
from Ruffini et al|(2002b) with the kind permission of the publisher.

Following this early analysis, and the subsequent ones on additional sources,
it became clear that the CBM structure evidenced by our analysis is quite
different from the traditional description in the current literature. Far from
considering analogies with shock wave processes developed within fluidody-
namic approach, it appears to us that the correct CBM description is a discrete
one, composed of uncorrelated overdense “blobs” of typical size AR ~ 10
cm widely spaced in underdense and inert regions.

We can then formulate the second paradigm, the interpretation of the burst
structure (IBS) paradigm (Ruffini et al), 2001b), which covers three funda-
mental issues leading to the unequivocal identification of the canonical GRB
structure:

a) the existence of two different components: the P-GRB and the afterglow
related by precise equations determining their relative amplitude and tem-
poral sequence (see Fig. [A.2.5) Ruffini et al, 2003, and section[A.5);

b) what in the literature has been addressed as the “prompt emission” and
considered as a burst, in our model is not a burst at all — instead it is just
the emission from the peak of the afterglow (see the clear confirmation of this
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result by the Swift data of e.g. GRB 050315 in section [A.9)and in Ruffini et al,
2006a,b);

c) the crucial role of the parameter B in determining the relative amplitude
of the P-GRB to the afterglow and discriminating between the short and the
long bursts (see Fig. [A.2.6). Both short and long bursts arise from the same
physical phenomena: the gravitational collapse to a black hole endowed with
electromagnetic structure and the formation of its dyadosphere.

The fundamental diagram determining the relative intensity of the P-GRB
and the afterglow as a function of the dimensionless parameter B is shown
in Fig. The main difference relates to the amount of baryonic mat-
ter engulfed by the electron-positron plasma in their optically thick phase
prior to transparency. For B < 10° the intensity of the P-GRB is larger and
dominates the afterglow. This corresponds to the “genuine” short bursts (see
section and Bernardini et al., 2007). For 107° < B < 1072 the after-
glow dominates the GRB. For B > 1072 we may observe a third class of
“bursts”, eventually related to a turbulent process occurring prior to trans-
parency (Ruffini et al., 2000). This third family should be characterized by
smaller values of the Lorentz gamma factors than in the case of the short or
long bursts.

Particularly enlightening for the gradual transition to the short bursts as a
function of the B parameter is the diagram showing how GRB 991216 bolo-
metric light curve would scale changing the only B value (see Fig. [A.2.7).

Moving from these two paradigms, and the prototypical case of GRB 991216,
we have extended our analysis to a larger number of sources, such as GRB
970228 (Bernardini et al., 2007), GRB 980425 (Ruffini et al., 2004a, 2007b), GRB
030329 (Bernardini et al., 2004), GRB 031203 (Bernardini et al., 2005a), GRB
050315 (Ruttini et al.,|2006b), which have led to a confirmation of the validity
of our canonical GRB structure (see Fig. [A.2.8). In addition, progresses have
been made in our theoretical comprehension, which will be presented in the

section

A.2.3 The GRB-Supernova Time Sequence
(GSTS) paradigm

Following the result of Galama et al| (1998) who discovered the temporal
coincidence of GRB 980425 and SN 1998bw, the association of other nearby
GRBs with Type Ib/c SNe has been spectroscopically confirmed (see Tab.
[A.2.1). The approaches in the current literature have attempted to explain
both the SN and the GRB as two aspects of the same astrophysical phe-
nomenon. Hence, GRBs have been assumed to originate from a specially
strong SN process, a hypernova or a collapsar (see e.g. Paczynski, 1998; Kulka:
rni et al.,1998; |[Iwamoto et al.,[1998; Woosley and Bloom, 2006, and references
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Figure A.2.6: Above: The energy radiated in the P-GRB (the red line) and
in the afterglow (the green line), in units of the total electron-positron pairs
energy (E!% = E,,,), are plotted as functions of the B parameter. Below: 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 Ey,.
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Figure A.2.7: The bolometric luminosity of a source with the same total en-
ergy and CBM distribution of GRB991216 is here represented for selected val-
ues of the B parameter, ranging from B = 102 to B = 10~*. The actual value
for GRB991216 is B = 3.0 x 1073. As expected, for smaller values of the B
parameter the intensity of the P-GRB increases and the total energy of the
afterglow decreases. What is most remarkable is that the luminosity in the
early part of the afterglow becomes very spiky and the peak luminosity actu-
ally increases.
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Figure A.2.8: Same as Fig. [A.2.6 with the values determined for GRB 991216,
GRB 030329, GRB 980425, GRB 970228, GRB 050315, GRB 031203, GRB
060218. Remarkably, they are consistently smaller than, or equal to in the
special case of GRB 060218, the absolute upper limit B < 102 established in
Ruffini et al|(2000). In order to determine the value of the B parameter and
the total energy we have performed the complete fit of each source. In par-
ticular, we have fitted for each source the observed luminosities in selected
energy bands of the entire afterglow including the prompt emission. We have
verified that in each source the hard-to-soft spectral evolution is correctly fit-
ted and we have compared the theoretically computed spectral lag with the
observations. Where applicable, we have also computed the relative intensity
and temporal separation between the P-GRB and the peak of the afterglow
and compared these values with the observed ones. The absence of spectral
lag in the P-GRB is automatically verified by our model.
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Table A.2.1: see: a) Ruffini et al. (2007b); b) Bernardini et al.|(2005a); c) Bernar-
dini et al. (2004); d) [Rutfini et al.| (2006b)); e) Bernardini et al.[(2007); f) Ruffini
et al.| (2005a); g) see [Kaneko et al.| (2007); h) Mazzali, P., private communi-
cation at MG11 meeting in Berlin, July 2006; i) evaluated fitting the URCAs
with a power law followed by an exponentially decaying part; j) respectively
Mirabal et al.| (2006), Galama et al.|(1998), Prochaska et al.[(2004), Greiner et al.
(2003), Kelson and Berger|(2005), Infante et al. (2001), Bloom et al.|(2001), Piro
(2001); k) respectively Kennea et al. (2006), Sakamoto et al. (2006a)), XRR is
considered in Kennea et al.| (2006), while XRF as suggested by Watson et al.
(2004), Kennea et al.| (2006), Vaughan et al. (2006), Bloom et al. (2001).

inh i K
GRB/SN Eld! Elolom$ Ekin Eijrca B Yo 2 Sx/sk

(ism)
(#/cmd)
060218/2006aj 18x 100  92x 108 20x 107 ? 1.0 x 102 99 0.033 3.54(XRF) 1.0
980425/1998bw? 12 x10*¥ 23 x10¥  1.0x102 3x10¥® 77x107% 124  0.0085 0.58 (XRR) 25x1072
031203 /2003w 18x100  31x10% 15x102 2x10% 74x1073 133 0.105 0.49(XRR/XRF) 0.3
030329/2003dh® 21x10%2 1.8x10%  80x10°0  3x10%®  48x1073 206  0.168 0.56(XRR) 1.0
0503154 1.5 x 103 45%x1073 217 1.949 1.58(XRF) 0.8
970228/?° 1.4 x 105 50x107% 326  0.695 GRB 1.0 x 1073
991216/ 4.8 x 1053 27x107% 340 1.0 GRB 3.0

therein). Both these possibilities imply very dense and strongly wind-like
CBM structure.

In our model we assumed that the GRB consistently originates from the
gravitational collapse to a black hole. The SN follows instead the very com-
plex pattern of the final evolution of a massive star, possibly leading to a neu-
tron star or to a complete explosion but never to a black hole. The temporal
coincidence of the two phenomena, the SN explosion and the GRB, have then
to be explained by the novel concept of “induced gravitational collapse”, in-
troduced in |Ruffini et al. (2001a). We have to recognize that still today we do
not have a precise description of how this process of “induced gravitational
collapse” occurs. At this stage, it is more a framework to be implemented
by additional theoretical work and observations. Two different possible sce-
narios have been outlined. In the first version (Ruffini et al., 2001a) we have
considered the possibility that the GRBs may have caused the trigger of the
SN event. For the occurrence of this scenario, the companion star had to be in
a very special phase of its thermonuclear evolution and three different possi-
bilities were considered:

1. A white dwarf, close to its critical mass. In this case, the GRB may
implode the star enough to ignite thermonuclear burning.

2. The GRB enhances in an iron-silicon core the capture of the electrons
on the iron nuclei and consequently decreases the Fermi energy of the
core, leading to the onset of gravitational instability.

3. The pressure waves of the GRB may trigger a massive and instanta-
neous nuclear burning process leading to the collapse.
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Induced gravitational cgll pse (2006)

Figure A.2.9: A possible process of gravitational collapse to a black hole “in-
duced” by the Ib/c SN on a companion neutron star in a close binary system.
Details in |[Ruftfini (2006).

More recently (see Ruffini, in pressa; Ruffini et al., 2007b), a quite different
possibility has been envisaged: the SN, originating from a very evolved core,
undergoes explosion in presence of a companion neutron star with a mass
close to its critical one. The SN blast wave may then trigger the collapse of
the companion neutron star to a black hole and the emission of the GRB (see
Fig. . It is clear that, in both scenarios, the GRB and the SN occur in a
binary system.

There are many reasons to propose this concept of “induced gravitational
collapse™:

1. The fact that GRBs occur from the gravitational collapse to a black hole.

2. The fact that CBM density for the occurrence of GRBs is inferred from
the analysis of the afterglow to be on the order of 1 particle/cm? (see
Tab. except for few cases (see e.g. sections and [A.12). This
implies that the process of collapse has occurred in a region of space
filled with a very little amount of baryonic matter. The only signifi-
cant contribution to the baryonic matter component in this process is
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the one represented by the fireshell baryon loading, which is anyway
constrained by the inequality B < 1072,

3. The fact that the energetics of the GRBs associated with SNe appears to
be particularly weak is consistent with the energy originating from the
gravitational collapse to the smallest possible black hole: the one with
mass M just over the neutron star critical mass.

There are also at work very clearly selection effects among the association
between SNe and GRBs:

1. Many type Ib/c SNe exists without an associated GRB (Guetta and
Della Valle, [2007).

2. Some GRBs do not show the presence of a SN associated, although they
are close enough for the SN to be observed (see e.g. Della Valle et al.,
2006).

3. The presence in all observed GRB-SN systems of an URCA source, a pe-
culiar late time X-ray emission. These URCA sources have been iden-
tified and presented for the first time at the Tenth Marcel Grossmann
meeting held in Rio de Janeiro (Brazil) in the Village of Urca, and named
consequently. They appear to be one of the most novel issues still to be
understood on GRBs. We will return on these aspects in the section
A.7.D

The issue of triggering the gravitational collapse instability induced by the
GRB on the progenitor star of the supernova or, vice versa, by the supernova
on the progenitor star of the GRB needs accurate timing. The occurrence
of new nuclear physics and/or relativistic phenomena is very likely. The
general relativistic instability induced on a nearby star by the formation of a
black hole needs some very basic new developments.

Only a very preliminary work exists on this subject, by Jim Wilson and his
collaborators (see e.g. the paper by Mathews and Wilson, 2005). The reason
for the complexity in answering such a question is simply stated: unlike the
majority of theoretical work on black holes and binary X-ray sources, which
deals mainly with one-body black hole solutions in the Newtonian field of a
companion star, we now have to address a many-body problem in general rel-
ativity. We are starting in these days to reconsider, in this framework, some
classic works by [Fermil (1921); Hanni and Rutftini (1973); Majumdar (1947);
Papapetrou (1945); Parker et al.| (1973); Bini et al.| (2007a}b) which may lead to
a new understanding of general relativistic effects in these many-body sys-
tems. This is a welcome effect of GRBs on the conceptual development of
general relativity.
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After this excursus on historical background let’s start with the description
of equations characterizing the e*e™ plasma.

A.3.1 The fireshell in the Livermore code

A.3.1.1 The hydrodynamics and the rate equation for the
plasma of ¢"e™ -pairs

The evolution of the eTe -pair plasma generated in the dyadosphere has
been treated in Ruffini et al. (1999, 2000). We recall here the basic govern-
ing 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)uru”, (A.3.1.1)

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

gu(U)? + g, (U = -1, (A3.12)

where U” and U! are the radial and temporal contravariant components of
the 4-velocity and

ds® = gtt(r)dtz + grr(r)dr2 + 72d6? + 1% sin® Od(pz i (A.3.1.3)

where ¢4(r) = —a?(r), g (r) = a72(r), &> = a® (r) = 1 —2M/r + Q*/r* (M
and Q are the total energy and charge of the core as measured at infinity).

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

(npU");u = g_%(g_%”Buv),v
1
= (nBUt),f + r—z(rzngur),r =0. (A.3.1.4)

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

p 0 t 19/, )
5 (oUW + 5o (Pr+ UL

1

(A.3.1.5)
~5p) | S+ Bz 2] ~o.

2 or or

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

Uu(TM) = —(oU")w — p(U"),
1,1 1,1
= —g 2(g2pU"),y —pg 2(g2U") v
1 T
= (pU) i+ 5 (Fpll")
1
+op (U4 (U, =0. (A.3.1.6)

We define also the total proper internal energy density € and the baryonic
mass density pg in the comoving frame of the plasma fluid,

€e=p—pp, pp=npmc*. (A.3.1.7)

A.3.1.2 The numerical integration

A computer code (Wilson et al., |1998a,b) has been used to evolve the spher-
ically symmetric general relativistic hydrodynamic equations starting from
the dyadosphere.

We define the generalized gamma factor o and the radial 3-velocity in the
laboratory frame V"

T
y=V1+Uuld, V' = % (A.3.1.8)

From Egs.(A.3.1.3}|A.3.1.2), we then have

1 ) 1
(uh? = —g(l +gn(U)?) = 57" (A3.1.9)

Following Eq.(A.3.1.7), we also define

E=e€ey, D=ppy, and p=py (A.3.1.10)

so that the conservation law of baryon number (A.3.1.4) can then be written

as ; S 2
D
__fX°%9 "y

e __ "= 7
= 25, (=DV'). (A3.1.11)
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Eq.(A.3.1.6) then takes the form,

oE wd > oy a0 r?
EVO=p 5 Tt

- = - (— r
o 2 Br( o YV |. (A.3.1.12)
Defining the radial momentum density in the laboratory frame

S, =a(p+p)U'U, = (D+TE)U,, (A.3.1.13)

we can express the radial component of the energy-momentum conservation

law given in Eq.(A.3.1.5) by

- S | B By
o L
LED e w

In order to determine the number-density of eTe™ pairs, we use the pair
rate equation. We define the e*e ™ -pair density in the laboratory frame N~ =
Y1+ and N+ (T) = yn,+(T), where n,+ (T) is the total proper number density
of pairs in comoving frame at thermodynamic equilibrium with temperature
T in the process e™ + e~ — v+ (n,- (m, T) = n,(T)), n,+ is the total proper
number density of pairs in comoving frame at a generic time before reaching
the equilibrium. We write the rate equation in the form

N a9, r? _
afi _ _r_zg(%z\feivr) +T0(N2(T) — N2) /2, (A.3.1.15)

These partial differential equations have been integrated in Livermore start-
ing from the dyadosphere distributions given in Fig. 17 (Right) in Ruffini
et al.|(2003) and assuming as usual ingoing boundary conditions on the hori-
zon of the black hole. A simplified set of ordinary differential equations has
been integrated in Rome and the results have been validated by comparison
with the ones obtained in Livermore.
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A.3.2 The fireshell in the Rome code

A.3.2.1 Era |: expansion of PEM-pulse

After the explosion from the dyadosphere a thermal plasma of e*e™ pairs and
photons optically thick with respect to scattering processes begins to expand
at ultrarelativistic velocity. In this era the expansion takes place in a region
of very low baryonic contamination. Details on the eTe™ pairs creation are
given in the previous report about “Electron-positron pairs in physics and
astrophysics”.

Recalling that the local number density of electron and positron pairs cre-
ated as a function of radius is given by (Preparata et al., 1998):

__ 9 )
Nt p— (7’) = m [1 — (T_ds) ] , (A321)

mc

where 74, is the dyadosphere radius (see section|A.1.3|and the previous report
about “Electron-positron pairs in physics and astrophysics”)the limit on such
baryonic contamination, where pp_is the mass-energy density of baryons, is
given by

2
0B, < MyMge(r) = 3.2-108 (”ﬁf [1 - (i) ] (g/cm®).  (A322)

r Yds

Near the horizon r ~ r, this gives

P, <K Myhpr, - (r) = 1.86- 10" (%) (g/cm®), (A.3.2.3)
and near the radius of the dyadosphere r;:
+\2
B, K Myhgr,-(r) =3.2-10° |1 — (r—) (g/cm). (A.3.2.4)
ds
r—Tg4s

Such conditions can be easily satisfied in the collapse to a black hole, but not
necessarily in a collapse to a neutron star.

Consequently we have solved the equations governing a plasma composed
solely of e™e™ -pairs and electromagnetic radiation, starting at time zero from
the dyadosphere configurations corresponding to constant density in Fig.
[A31l

The plasma of e*e™ pairs and photons is described by the covariant energy-

momentum tensor T#" given in Eq.(A.3.1.1).
It is assumed that the gravitational interaction with central black hole is
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Figure A.3.1: Three different dyadospheres corresponding to the same value
of Egy, and to different values of the two parameters y 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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negligible with respect to the total energy of PEM-pulse such that a fluid ex-
pansion with special relativistic equations can be considered.

Moreover it is assumed that photons remain trapped inside fireball until
complete transparency, i.e. the emission of electromagnetic radiation is neg-
ligible during the first phases of expansion, being therefore adiabatic (Ruffini
et al.,|[1999). This assumption is valid until the photon mean free path is neg-
ligible with respect to the thickness of pulse.

The thermodynamic quantities used to describe the process are the total
proper internal energy density of pulse €, given by € = €,+ + €,- + €, where
€.+ (€,-) is total proper internal energy density of electrons (positrons) and
€, of photons. The proper number density of pairs 7,+, 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 (Bianco et al., 2001). The pressure
is p = pet+ + pe- + Py, Wwhere 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. This equation of state is represented with
thermal index I':

r=1+7%

= (A.3.2.5)

Fermi integrals

Thermodynamical quantities introduced above are expressed in terms of in-
tegrals over Bose distribution for photons and Fermi distribution for ee™
pairs with zero chemical potentials 3, and p,+. We begin from the reaction
et + e — 7+ <. From statistical mechanics it is known that given a ther-
modynamic system at temperature T kept inside a volume V and made of a
number of particle variable N, the thermodynamic equilibrium is expressed
by the condition that the potential free energy of Helmholtz F(T, V, N) is sta-
tionary with respect to N variations:

oF
— =0; A3.2.
(aN ) T,V v (A5:26)
by definition chemical potential y is given by
oF
H= <—) ; (A3.2.7)
ON /1y

so that for a system made by a photon gas at equilibrium with matter with
respect to creation and adsorption processes, we have p, = 0 (Landau and
Lifshitz, (1980). We assume the chemical potential of electrons and positrons
to be equal to zero: u,- = u,+ = 0. In the following the expressions of
thermodynamical quantities as Fermi integrals are listed. The proper number
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density of electrons (Weinberg), 1972) is given by

2 d3p
Ne— (m/ T/ }’lef) = ﬁ/ (o221 (m2)2
e T +1

8 +o00 2
k> Jo (pe)2+(mc2)2
e kT +1

_ 7Lz
N k 8A Jo e\/zer(mcz/kT)z_i_l

where z = pc/kT, m is the electron mass, T is the temperature of fireshell in
comoving frame, a = 87°k* /15h3¢3 = 1.37 x 102%° erg/ (cm3 MeV?, k is the
Boltzmann constant and A = (7/4)(7*/15) is a numerical constant intro-
duced for convenience.

Since the thermodynamic equilibrium is assumed and in all cases analyzed
the initial temperature is larger than e Te ™ pairs creation threshold (T > 1 MeV),
the proper number density of electrons is roughly equal to that one of pho-
tons:

dz, (A3.2.8)

Nt ~ M- (T) ~ 1, (T); (A.3.2.9)

in these conditions the number of particles is conserved:
(ne=U"),, = 0. (A.3.2.10)

Later on, for T < 1MeV (see Fig.|A.3.2), eTe™ pairs go on in annihilation but
can not be created anymore, therefore

Ny (T) > n,e > n,x (T) (A.3.2.11)

as shown in Fig.

The total proper internal energy density for photons is given by

2 [ h
ey =3 [ —dp = aT* (A3.2.12)
h ekt — 1

where p = hv/c. The total proper internal energy density for electrons is
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Figure A.3.2: Temperature in comoving system as a function of emission time
for different values of black hole mass p.
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Figure A.3.3: Ratio between number density of pairs ete™ n,- and number
density of photons 7, (T) as a function of emission time for different values
of black hole mass y.
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given by:

mc2
—l- 1

_ 8m /+°°P % (pe)® + (me?)* |
el (po)2-+(mc2)2
S 41

+00 2 2 2 2
_ T47 L / VE A (me /KT, s 3013
4 A \/22+(mc2/kT)2+1

Therefore the total proper internal energy density of the PEM-pulse, sum-
ming up all the contributions of photons and e*e™ pairs, is given by

400 ~2 2 2 2
72 / ZVz+ (me/kT)? (A.32.14)
e\/zer(mcz/kT)z_i_l

where the factor 2 in front of the integral takes into account of electrons and

positrons.
About the pressure of the photons it holds

Etot = ElT4 1

e, aT*
=X - A3.21
Py 3 3 ’ ( 3 5)
and about the pressure of electrons
2
c
P = 73 / : {pe) dPp =
WS o (pep + ()
+ 1
_ 8ot P’ (pe)? _
a W 0 ( c)2+(mcz)2 . 2 + 2\2 o
e J(po+ (m)
4 7 400 4
_ 71 / z : ! #.3.2.16)
3 4A Jo e\/zz-i-(mcz/kT)z +1 \/22 + (mcz/kT)Z

Therefore the total pressure of PEM-pulse is given by

aT* /+°° 2t 1 dz
Ptot = 3 \/m +1 \/Z2 Cz/kT)
(A3.2.17)
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Numerical code

In the following we recall a zeroth order approximation of the fully relativis-
tic equations of the previous section (Ruffini et al., 1999):

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

(ii) We describe the expanding plasma by a special relativistic set of equa-
tions.

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

e entropy conservation, because of the assumption that emission of elec-
tromagnetic radiation is negligible up to transparency;

e energy conservation, because the increase of kinetic energy is compen-
sated 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, (A.3.2.18)

where V is the volume of the shell in the comoving frame and E = Ve is the
total proper internal energy of plasma (the subscript “o” refers to the initial
values). By using the equation of state Eq.(A.3.2.5) we find

dine +T'dlnV =0 (A.3.2.19)
and, by integrating, we find
€ VT
S (7> , (A3.2.20)

recalling that V' = V<, where V is the volume in the laboratory frame, we find

e as YT /9 \F
— = |5 =5 — ] . A3221
s @)@ GE) e
The total energy conservation of the shell implies (Ruffini et al., 1999):
(Te)Vy? = (Teo)Vor?; (A.3.2.22)

and this gives the evolution for :

(A.3.2.23)

873



A.3 The optically thick “fireshell”

Substituting this expression for < in (A.3.2.21) the final equation for proper
internal energy density is found

€ = € (—) (A.3.2.24)

The evolution of a plasma of e*e™ pairs and photons should be treated by
relativistic 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

(e U"), = \/%_g(\/__gneiuy),u B

:@%WM+%Q%ﬁw%:o (A.3.2.25)
where ¢ =|| ¢"V ||= —r*sin?0 is the determinant of Reissner-Nordstrem met-
ric. In the system processes of creation and annihilation of particles occur
due to collisions between particles. If the number of particles is conserved,
it holds (n,+U"),, = 0; if not, in the assumptions that only binary colli-
sions between particles occur and in the hypothesis of molecular caos, the

Eq.(A.3.2.25) becomes
(nexUY),,, =00 [~ (T) e+ (T) — 1= (A.3.2.26)

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

TTF 62

U:zxo—kl

, (A3.2.27)

2
Xo +4¢Xo+1ln<ao+m)_ Déo+31

2
060 - 1 “02 J—

with a, = -£; and E total energy of positrons in the laboratory frame, and
mc

Te = me—iz the classical radius of electron, v is the sound velocity in the fireball:

v =c, /Pt (A.3.2.28)
€tot

and 00 is the mean value of cv; for o we use as a first approximation the
Thomson cross section, o7 = 0.665 - 10~24cm?; n,+ (T) is the total proper num-
ber density of electrons and positrons in comoving frame at thermodynamic
equilibrium in the process et +e~ — v+ (n,-(m, T) = n,(T)), n,+ is the
total proper number density of electrons and positrons in comoving frame at
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a generic time before reaching the equilibrium.
Using the approximation of special relativity, the 4-velocity is written U* =

(7,7%); Eq.(A.3.2.26) in hybrid form becomes

J (nei’)/)

ot T 2or (’2”6i7vr> +ov (”Ei (T) - né) , (A.3.2.29)

valid for electrons and positrons.
Now we have a complete set of equations for numerical integration: (A.3.2.24),
and (A32.29)

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 and pair number
densities (€, n,+) for the PEM-pulse, where the average y-factor is defined by

Y= % /V v(r)dV, (A.3.2.30)

and V is the total volume of the shell in the laboratory frame (Ruffini et al.,
1999).

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 (Ruffini et al., [1999):

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

to the distance from the black hole U, (r) = Uﬁ, where U is the radial

component of 4-velocity on the external surface of PEM-pulse (having

radius R(t)), the factor y from is
3 2\ 3 2\ 2 .
7_@{2u(1+u) —u(1+u) —ln<U+\/1+U)],

(A.3.2.31)

this distribution corresponds to a uniform and time decreasing density,
like in Friedmann model for the universe;

e Slab 1. An expansion with thickness of fireball constant D = ry3 — 14

in laboratory frame, with U,(r) = U, = cost and v = /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.

The result has been compared with the one of hydrodynamic equation in gen-
eral relativity (Ruffini et al}, [1999, see Fig. [A.3.4). 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 in-
creases, but due to the Lorentz contraction, it is kept constant in laboratory
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frame and equal to D. In this case U, = /7% — 1, where 7 is computed by
conservation equations.

A similar situation occurs for the temperature of PEM-pulse. In the comov-
ing frame the temperature decreases as T’ ~ R~! in accordance with re-
sults in literature (Piran, [1999). Since y monotonically increases as v ~ R
(Ruffini et al., 2001c), in laboratory frame T = yT" ~ constant (Ruffini et al.,
2000); photons are blue-shifted in laboratory frame in such a way that, at
least in the first phase, the temperature measured by an observer at infinity
is constant. The numerical value of the temperature of equilibrium at each
instant is found by imposing the equivalence, within a certain precision, of
Eq. numerically computed and Eq. (A.3.2.24).

Even if the PEM-pulse is optically thick in the expansion before trans-
parency, 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 by

1
L, = ~ 10~ %cm (A.3.2.32)
OMNpto—

while in laboratory frame is given by A = L, /7y ~ 10~8cm. 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 ~ 10%cm) is of
the order of A/D ~ 10~ Y,

A.3.2.2 Era ll: interaction of the PEM pulse with remnant

The PEM pulse expands initially in a region of very low baryonic contam-
ination created by the process of gravitational collapse. As it moves outside
the baryonic remnant 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 clearly 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 r;, and an
outer radius rout = rin + A at a distance from the black hole not so big that
the PEM pulse expanding in vacuum has reached yet transparency and not
so small that the system will reach enough high value of Lorentz -y in order
to not be stopped in the collision (see Fig.[A.2.2). For example we choose

Fin = 100rgs, A = 10rg,. (A.3.2.33)
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Figure A.3.4: Lorentz < 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 4 = 10% and & = 0.1. The result is in accordance with the scheme of a
tireball with constant thickness in laboratory frame.
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The total baryonic mass Mp = Npm, is assumed to be a fraction of the dya-
dosphere initial total energy (Eqya)- The total baryon-number Np is then ex-
pressed as a function of the dimensionless parameter B given by Eq.(A.2.2.7).
We shall see below the role of B in the determination of the features of the
GRBs. We already saw the sense in which B and EX = Egy, can be consid-
ered to be the only two free parameters of the black hole theory for the entire
GRB family, the so called “long bursts” (see section[A.2.2.2). For the so called
“genuine short bursts” the black hole theory depends on the two other pa-
rameters , ¢, since in that case B = 0 since most of the energy, unless the
whole energy, in the pulse is emitted at transparency. The baryon number
density np is assumed to be a constant

_ Ng

ng = Vs’ PR = mpngcz. (A.3.2.34)

As the PEM pulse reaches the region rin, < 1 < 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;

o the collision between the PEM pulse and the baryonic matter is as-
sumed 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 Mg, 1078 < B < 1072
(see Fig. [A.3.5); (ii) the ratio of the comoving number density of pairs and
baryons at the moment of collision 1,+,- /np is very high (e.g., 10° < n,+,- /np
< 10'2); (iii) the PEM pulse has a large value of the gamma factor (7 > 100).
In the collision between the PEM pulse and the baryonic matter at rout >
r > rin , we impose total conservation of energy and momentum. We consider
the collision process between two radii 1y, rq satisfying rout > 12 > 11 > fin
and rp — r; < A. The amount of baryonic mass acquired by the PEM pulse is

MB47'(
AM = L=
Ve 3

(r3—19), (A.3.2.35)
where Mp/ V3 is the mean-density of baryonic matter at rest in the laboratory
frame.

As for energy density of dyadosphere, here we also choose a simplifica-
tion for the energy density: in fact during the passage of the shell a depo-
sition of material on the external surface of the fireball creates; however we
neglected this effect and assumed that this material after collision diffuses
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Figure A.3.5: A sequence of snapshots of coordinate baryon energy density
is shown from the one dimensional hydrodynamic calculations of the Liv-
ermore code. The radial coordinate is given in units of dyadosphere radii
(r45). Atr ~ 100rg, there is located a baryonic matter shell corresponding to
a baryon loading B = 1.3 x 10~2. For this baryon shell mass we see a signifi-
cant departure from the constant thickness solution for the fireshell dynamics
and a clear instability occurs. Details in Ruffini et al.[|(2000). As we will see,
this result, peculiar of our treatment, will play a major role in the theoretical
interpretation of GRBs.
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instantaneously in the pulse with a constant density:

Np

, A3.2.36

ng =

where Nj is the number of particle of the remnant shell swept up by the
pulse.

The conservation of total energy leads to the estimate of the corresponding
quantities before (with “0”) and after such a collision

A
(Teo + 03)712Vo + AM = (Te + pp + TM +TAe)y?V, (A.3.2.37)

where Ae is the corresponding increase of internal energy due to the collision.
Similarly the momentum-conservation gives

AM
(Teo + ph)7oUs Vo = (Te + pg + 7 + TAe) U, Y, (A.3.2.38)

where the radial component of the four-velocity of the PEM pulse is U; =
/72 — 1 and T is the thermal index. We then find

1 o YUV, . AM
Ae = ¢ (Tes + p3) TRy (Te + pp + v )|, (A3.2.39)
a Yo AM
= , A=+ — . A.3.2.40
7 ﬂz -1 U;? (reo + pB)’)/OU;,JVO ( )

These equations determine the gamma factor y and the internal energy den-
sity € = €, + Ae 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 consequences:

e a reheating of the plasma in the comoving frame but not in the labora-
tory frame; an increase of the number of e™e™ pairs and of free electrons
originated from the ionization of those atoms remained in the baryonic
remnant; correspondingly this gives 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 PEMB pulse is converted in kinetic energy of baryons.

By describing the interaction of PEM pulse with remnant as completely in-
elastic collision of two particles, one can compute by the energy-momentum
conservation equation the decrease of the Lorentz gamma factor and the in-
crease of internal energy as function of B parameter and also the ultrarela-
tivistic approximation (y, — ©0):
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1. an abrupt decrease of the gamma factor given by

o 1+ B 'yo:;oo B+1
Teoll = e S T 2B+ B2) + 1 VB2 + 2B’

2. anincrease of the internal energy in the comoving frame E_,;; developed
in the collision given by

2 2 1 o0
Ecot _ V102 (2B+B%) +1 (——|—B> "5% B+ /B2 +2B,

Edya Yo Yo

This approximation applies when the final gamma factor at the end of the
PEM pulse era is larger than vy, right panel in Fig.

In this phase of expansion, another thermodynamic quantity has not been
considered: the chemical potential u of the electrons from ionization of bary-
onic remnant. We remind that the total proper number density of electrons
of ionization is given by

aT371 [+ z?
k 8A Jo e\/zz—l—(mcz/kT)z—l—%_i_l

four equations are imposed to find a formula useful for numerical computa-
tion: the first one is the thermodynamical equilibrium of fireball, or

nb_ (m,T,u) = dz (A.3.2.41)

1es (To) = n,(To); (A.3.2.42)

the second one is
n’. = Zng (A.3.2.43)

where 1/2 < Z < 1, with Z = 1 for hydrogen atoms and Z = 1/2 for bary-
onic matter in general; the third one derives from the definition of B|A.2.2.1
and states a relation between the two densities np and n,+: from definition of

B, we have

Ng Edya 1 b
=B =10 A3.244
Nei(To) mpcz Nei(To) ( )

where T is the initial temperature of fireshell and b is a parameter (b < 0)
defined by (A.3.2.44); so if V, is the initial volume of dyadosphere and w the
initial volume of the baryonic shell

Vo
ng = 1obnei(To)5; (A.3.2.45)

tinally the fourth one is the conservation law of baryonic matter

(n2-ur),, =o. (A.3.2.46)
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Therefore the chemical potential y is numerically determined at a certain time
of expansion if the initial temperature T, of fireshell and the initial volume of
baryonic shell w are known and, at that time, the volume V, the temperature
T and the Lorentz factor y of the fireball, the volume of the baryonic shell

()
swept up vb and the ratio B
-
b 3 2
_ o1 (T) To’w (vb) +oo z
20(3)z10° <~ 23— ( =) = dz (A3.2.47
¢ ni’, T3Vy \w 0 e\/zer(mcz/kT)er%_'_l ( )

where the factor in brackets (%’) must be considered only for > ryut, while
the proportionality factor is the function zeta of Riemann {(x) for computa-
tion of 1., with {(3) = 1.202.

Therefore the equations for this phase are (A.3.2.29), (A.3.2.36), (A.3.2.39),

(A.3.2.40), and (A.3.2.47).

A.3.2.3 Era lll: expansion of PEMB pulse

After the engulfment of the baryonic matter of the remnant the plasma formed
of e*e~-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:

/ dr(ng + Zng)or =~ O(1), (A.3.2.48)
R

where o7 = 0.665 - 10~?*cm? is the Thomson cross-section and the integra-
tion 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 approxima-
tion adopted for the PEM pulse phase has to be verified; otherwise the full
hydrodynamics relativistic equations should be integrated. The PEMB pulse
evolution firstly has been simulated by integrating the general relativistic hy-
drodynamical 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 = 10r4 at
rest at a radius of 100r4s and B ~ 1.3 - 1074,

In analogy with the special relativistic treatment for the PEM pulse, pre-
sented above (see also Ruffini et al., 1999), for the adiabatic expansion of the
PEMB pulse in the constant-slab approximation described by the Rome codes
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Figure A.3.6: Lorentz <y factor as a function of radial coordinate from the
PEMB-pulse simulation is compared with the < factor as solution of hy-
drodynamics relativistic equations numerically integrated (open squares) for
Egye = 3.1 x 10°%ergand B = 1.3 X 107%, rin = 100r4s and A = 10rq4. The
result is in accordance with the scheme of a fireshell with constant thickness
in laboratory frame which is valid up to B = 1072.
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Figure A.3.7: Left: 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 Egy, = 3.1 % 10°* erg. The asymptotic values Yasym = Egya/ (Mpc?) =
10,103,102 are also plotted. The collision of the PEM pulse with the baryonic
remnant occurs at r/r;; = 100 where the jump occurs. Right: The < factor
(red line) at the transparency point is plotted as a function of the B parameter.
The asymptotic value (green line) Eqy,/ (Mp c?) is also plotted.

the following hydrodynamical equations with pp # 0 has been found

Z_i _ VK _ sz , (A3.2.49)
. 174 T v r r
% _ (VO _ (v_) (71) , (A.3.2.50)
B (Teo + p3%)Vo
T =\ Tt pn)y (A.3.2.51)
E) 1 1, )
g(Nei) = —Nei Vavat + UU?(Nei(T) — Nei)' (A3252)

In these equations (r > r,yt) the comoving baryonic mass and number den-
sities are pp = Mp/V and ng = Np/V, where V is the comoving volume of
the PEMB pulse.

The result is shown in Fig. (Ruftini et al., 2000) where the bulk gamma
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 values of B.

For the same black hole different cases have been considered (Ruffini et al.|
2000). The results of the integration show that for the first parameter range
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the PEMB pulse propagates as a sharp pulse of constant thickness in the labo-
ratory frame, but already for B ~ 1.3 - 102 the expansion of the PEMB pulse
becomes much more complex, turbulence phenomena can not be neglected
any more and the constant-thickness approximation ceases to be valid.

It is also interesting to evaluate the final value of the gamma factor of
the PEMB pulse when the transparency condition given by Eq.(A.3.2.48) is
reached as a function of B (see Fig. [A.3.7). For a given black hole, there is
a maximum value of the gamma factor at transparency. By further increas-
ing the value of B the entire Ej,, is transferred into the kinetic energy of the
baryons (see also Ruttfini et al., 2000).

In Fig. [A.3.7/Left we plot the gamma factor of the PEMB pulse as a function
of radial distance for different amounts of baryonic matter. The diagram ex-
tends to values of the radial coordinate at which the transparency condition

given by Eq.(A.3.2.48) is reached. The “asymptotic” gamma factor

Edya
Yasym = M2 (A.3.2.53)

is also shown for each curve. The closer the gamma value approaches the
“asymptotic” value 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 (see Fig. [A.3.7}Right).

A.3.2.4 The approach to transparency: the thermodynamical
quantities

As the condition of transparency expressed by Eq.(A.3.2.48) is reached the
injector phase terminates. The electromagnetic energy of the PEMB pulse is
released in the form of free-streaming photons — the P-GRB. The remaining
energy of the PEMB pulse is released as an ABM pulse.

We now proceed to the analysis of the approach to the transparency con-
dition. 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 a black hole of Ej,, = 3.1 x 10°4
erg and B = 1072, One of the key thermodynamical parameters is repre-
sented 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. Before the collision the PEM pulse expands keeping its tempera-
ture in the laboratory frame constant while its temperature in the comoving
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A.3 The optically thick “fireshell”

frame falls (see Ruffini et al.,[1999). In fact we have:

d(ey?V
derV) _ (A.3.2.54)
dt
where the baryon mass-density is pp = 0 and the thermal energy-density of
photons and e*e~-pairs is € = ogT*(1 + f,+,- ), 0 is the Boltzmann constant
and f,+,- is the Fermi-integral for ¢™ and e~. This leads to

€YV = Edya, T*y*V = const. (A.3.2.55)

Since e™ and e~ in the PEM pulse are extremely relativistic, we have the equa-
tion of state p ~ €/3 and the thermal index defined in Eq. (A.3.2.5) I' ~ 4/3
in the evolution of PEM pulse. Eq.(A.3.2.55) is thus equivalent to

T3fy\7 ~ const. (A.3.2.56)

These two equations (A.3.2.54) and (A.3.2.56) result in the constancy of the
laboratory temperature T+ in the evolution of the PEM pulse.

It is interesting to note that Eqs.(A.3.2.55) and hold as well in the
cross-over region where T ~ m,c? and e*e~ annihilation takes place. In fact
from the conservation of entropy it follows that asymptotically we have

(VT3)T>mec2 47 T

exactly for the same reasons and physics scenario discussed in the cosmolog-
ical 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 = e7*V following from Eq. (A.3.2.54) then lead to

VTt
VT Y)reme _ 11 (A.3.2.58)

(VT4’)/) T>m,c? o

The ratio of these last two quantities gives asymptotically

To = (TY)r>mee = (TY) T<moes (A.3.2.59)

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 in-
crease in the number density of e*e™ pairs (see Fig.[A.3.8). 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.|A.3.7).

After the collision we have the further acceleration of the PEMB pulse (see
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Figure A.3.8: Left: The temperature of the plasma in the comoving frame
T'(MeV) (the red line) and in the laboratory frame T’ (the green line) are
plotted as functions of the radius in the unit of the dyadosphere radius rgs.
Right: The number densities #,+,- (T) (the red line) computed by the Fermi
integral and n,+,- (the green line) computed by the rate equation (see sec-
tion are plotted as functions of the radius. T < mec2, two curves
strongly divergent due to eTe™ -pairs frozen out of the thermal equilibrium.
The peak at r ~ 100r4s is due to the internal energy developed in the collision.
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Figure A.3.9: The energy of the non baryonic components of the PEMB pulse
(the red line) and the kinetic energy of the baryonic matter (the green line) in
unit of the total energy are plotted as functions of the radius in the unit of the

dyadosphere radius 74s.
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A.3.2 The fireshell in the Rome code

Fig.|A.3.7). The temperature now decreases both in the laboratory and the
comoving frame (see Fig.|A.3.8). Before the collision the total energy of the
e*e” pairs and the photons is constant and equal to Eqy,. After the collision

Edya - EBaryons + Ee+€7 + EphOtOl’lS/ (A3260)

which includes both the total energy E,+,- + Eppotons Of the nonbaryonic com-
ponents and the kinetic energy Eparyons of the baryonic matter

EBaryons = pBV(')’ - 1)- (A.3.2.61)

In Fig. we plot both the total energy E,+,- + Ephotons of the nonbaryonic
components and the kinetic energy Eparyons Of the baryonic matter as func-

tions of the radius for the typical case Egy, = 3.1 X 10>* erg and B = 1072
Further details are given in Ruffini et al.| (2000).
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A.4 The optically thin “fireshell”:
the afterglow

The consensus has been reached that the afterglow emission originates from
a relativistic thin shell of baryonic matter propagating in the CBM and that
its description can be obtained from the relativistic conservation laws of en-
ergy and momentum. In both our approach and in the other ones in the cur-
rent literature (see e.g. Piran, (1999; Chiang and Dermer, 1999; Ruffini et al.,
2003} |[Bianco and Ruffini, 2005a) such conservations laws are used. The main
difference is that in the current literature an ultra-relativistic approximation,
following the Blandford and McKee| (1976) self-similar solution, is widely
adopted while we use the exact solution of the equations of motion. We ex-
press such equations in a finite difference formulation. For the differential
formulation, which will be most useful in comparing and contrasting our ex-
act solutions with the ones in the current literature, see the following report
about “Relativistic effects in Physics and Astrophysics”.

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 CBM occurs keeping its width constant in the laboratory frame, although
the results are quite insensitive to this assumption. Then we assume 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 CBM spherical
shells at rest in the laboratory frame. Each of these swept up shells of thick-
ness Ar has a mass AM,,, and is assumed to be located between two radial
distances r; and r, (where r, — r; = Ar < r1) in the laboratory frame. These
collisions create an internal energy AE;y;.

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, already swept up in the PEMB pulse formation, and the baryonic
matter from the CBM swept up by the ABM pulse:

2
p= Mp+ ycbm) < (A4.0.1)

Here V is the ABM pulse volume in the comoving frame, Mp is the mass of
the baryonic remnant and M, is the CBM mass swept up from the trans-
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parency point through the r in the laboratory frame:

47
Mopm = mpncbm? (7’3 - 1’03> ’ (A.4.0.2)

where m, the proton mass and 7., the number density of the CBM in the
laboratory frame.

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

Vi AMgpc?

2
— A% A4.0.
v, + v, + Ae) Y2Va, ( 0.3)

08,71°V1 + AMgmc? = (P31

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, <y is the gamma factor and V the volume of the
ABM pulse in the laboratory frame so that V = V. The momentum conser-
vation law in the laboratory frame is given by

Vi AMgmc?
pg,1Ur V1 = (pB1 7; + % + Ae) YUy, Vs, (A.4.0.4)

where U, = /7% — 1 is the radial covariant component of the four-velocity
vector (see |Ruffini et al.,[1999, 2000). We thus obtain

71Un V1 Vi AMgpmc
A — —+ ), A4.05
© TR (pBl AT ( )
a 71 A]\/chmc2
72 a2 —1 U, pp11l,Vq ( )
We can use for Ae the following expression
Ae — Eint, B Eint, _ Eint; + AEint B Eint, _ AEint (A4.0.7)

% Vi \%}3 Vi %)

because we have assumed a “fully radiative regime” and so Ejn;, = 0. Sub-

stituting Eq.(A.4.0.6) in Eq.(A.4.0.5) and applying Eq.(A.4.0.7), we obtain:

AMamc® | [ AMgpmc?\* AMgo c?
AEint ZPBlV1\/1+2’n&+ <&> — pg, V1 (1+—Cbm ) )

B, V1 P8, V1 P8, V1
(A.4.0.8)
2
7+ S
y2 = 1 . (A.4.0.9)

2
AM_pmC? ( AMpmc? )
\/1 + 2’)’1 PBl Vl -I_ PBl Vl
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A.5 The “canonical GRB”
bolometric light curve

We assume that the internal energy due to kinetic collision is instantly ra-
diated away and that the corresponding emission is isotropic. 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
(m)o —_— E (A.S.O.l)

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:

dN, _( dN,

-3
dtdQdy. dtdeZ)oA cos ¥, (A.5.0.2)

where ¢ is the angle between the radial expansion velocity of a point on
the fireshell surface and the line of sight, cos % comes from the projection
of the elementary surface of the shell on the direction of propagation and
A = 9(1 — Bcos®) is the Doppler factor introduced in the two following
differential transformation

dQe = dQ x A2 (A.5.0.3)
for the solid angle transformation and
dto = dt x A~ (A.5.0.4)

for the time transformation. An extra A factor comes from the energy trans-
formation:
Ec=EXxA (A.5.0.5)

(see also Chiang and Dermer, 1999). Thus finally we obtain:

dE ( dE

= —4
dtdQds. dtdeZ)oA cosd. (A.5.0.6)
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A.5 The “canonical GRB” bolometric light curve

Doing this we clearly identify (dtddTEdZ> as the energy density in the comov-
ing frame up to a factor 5~ (see Eq.(A.5.0.1)). Then we have:

dE Ae
— = == A4 dy A5.0.7
710 oll B0 v cost® ax, (A.5.0.7)

where the integration in dX is performed over the visible area of the ABM
pulse at laboratory time ¢, namely with 0 < ¢ < 0,y and 04y is the bound-
ary of the visible region defined by (see also the following report about “Rel-
ativistic effects in Physics and Astrophysics”):

08 Doy = g (A5.0.8)

Eq.(A.5.0.7) gives us the energy emitted toward the observer per unit solid
angle and per unit laboratory time t in the laboratory frame.

What we really need is the energy emitted per unit solid angle and per unit
detector arrival time 7, so we must use the complete relation between t¢ and
t given by (see also the following report about “Relativistic effects in Physics
and Astrophysics”):

*

= (1+2) {t — g (t) cos ¥ + % , (A.5.0.9)

where r* is the initial size of the fireshell. First we have to multiply the inte-
grand in Eq. by the factor (dt/dt?) 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
EQTS corresponding to arrival time #/ instead of the ABM pulse visible area
at laboratory time t. The analog of Eq.(A.5.0.7) for the source luminosity in
detector arrival time is then:
dt

dE7 Ae
= = O AT 4y, A.5.0.10
dtidQ) EQTS 47 v cos dtd ( )

It is important to note that, in the present case of GRB 991216, the Doppler
factor A=* in Eq. enhances the apparent luminosity of the burst, as
compared to the intrinsic luminosity, by a factor which at the peak of the
afterglow is in the range between 101° and 102!

We are now able to reproduce in Fig. the general behavior of the
luminosity starting from the P-GRB to the latest phases of the afterglow as a
function of the arrival time. It is generally agreed that the GRB afterglow orig-
inates from an ultrarelativistic shell of baryons with an initial Lorentz factor
Yo ~ 200-300 with respect to the CBM (see e.g. Ruffini et al., 2003; Bianco and
Ruffini, 2004, and references therein). Using GRB 991216 as a prototype, in
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A.5.1 On the structures in the afterglow peak emission

Table A.5.1: For each CBM density peak represented in Fig. we give
the initial radius r, the corresponding comoving time 7, laboratory time ¢,
arrival time at the detector tg, diameter of the ABM pulse visible area d,,
Lorentz factor  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”’
r

Peak | r(cm) () 1) Hes) | dolom) At(s) . v=4

450 x 1016 4.88 x 10 1.50 x 106 15.8 2,95 x 1014 0.400 | 303.8 9.5 x 10%¢
5.20 x 1016 5.74 x 10° 1.73 x 100 19.0 3.89 x 1014 0.622 | 2654 9.1 x 10%c
5.70 x 1016 6.54 x 10° 1.90 x 10° 229 5.83 x 1014 1.13 200.5 8.3 x 10%c
6.20 x 1016 7.64 % 103 2,07 x 10° 30.1 9.03 x 1014 5.16 139.9 6.9 x 10%¢
6.50 x 1016 9.22 % 10° 2.17 x 10° 55.9 2.27 x 1013 102 57.23 3.9 x 10%¢
6.80 x 1016 1.10 x 10* 2.27 x 10° 87.4 242 x 1015 10.6 56.24 2.6 x 10%c

N BoNoN--Ih=

Ruffini et al.| (2001cb) we have shown how from the time varying bolometric
intensity of the afterglow it is possible to infer the average density (1.p,,) =1
particle/cm? of the CBM in a region of approximately 10'7 cm surrounding
the black hole giving rise to the GRB phenomenon.

The summary of these general results are shown in Fig. where the
P-GRB, the emission at the peak of the afterglow in relation to the “prompt
emission” and the latest part of the afterglow are clearly identified for the
source GRB 991216. Details in Ruffini et al.| (2003).

A.5.1 On the structures in the afterglow peak
emission

We are now ready to reconsider the problem of the CBM inhomogeneity gen-
erating the temporal substructures in the E-APE by integrating on the EQTS
surfaces and improving on the considerations based on the purely radial ap-
proximation. It was shown in [Ruffini et al. (2002a) that the theoretical in-
terpretation of the intensity variations in the prompt phase in the afterglow
implies the presence in the CBM of inhomogeneities of typical scale 101> cm.
Such inhomogeneities were there represented for simplicity as spherically
symmetric over-dense regions with (n% ) ~ 102 (n,,) separated by under-

dense regions with (n"d ) ~ 1072 (ny,,) also of typical scale ~ 10'> cm in

order to keep (n.y,,) constant (see Fig. and Tab.|A.5.1).
The results are given in Fig. We obtain, in perfect agreement with

the observations:

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

2. the fast rise and exponential decay shape for each peak;
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Figure A.5.1: The density profile (“mask”) of an CBM cloud used to repro-
duce the GRB 991216 temporal structure. As before, the radial coordinate is
measured from the black hole. In this cloud we have six “spikes” with over-
density separated by low density regions. Each spike has the same spatial ex-
tension of 10!° cm. The cloud average density is < 714, >= 1particle/cm3.
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Figure A.5.2: Left: The BATSE data on the E-APE of GRB 991216 (source:
Curves| (1999)) together with an enlargement of the P-GRB data (source: Re-
sponse (1999)). 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. is given as a function of the detector arrival time
(red “spiky” line) with the corresponding curve for the case of constant
nepm = 1particle/cm? (green smooth line) and the BATSE noise level (blue
horizontal line). The “noise” observed in the theoretical curves is due to the
discretization process adopted, described in Ruffini et al. (2002a)), for the de-
scription 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 sys-
tem 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.

3. a continuous and smooth emission between the peaks.

Interestingly, the signals from shells E and F, which have a density inhomo-
geneity 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 y = 57.23
(56.24) is of 10.2s (10.6's) (see Tab.[A.5.1]and Ruffini et al., 2002a).

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! cm, equal to the
extension of the CBM shell (see Tab. and Ruffini et al.,[2002a). 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 CBM cloud.
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The physical reasons for these results can be simply summarized: we can
distinguish two different regimes corresponding in the afterglow of GRB 991216
respectively to ¢ > 150 and to v < 150. For different sources this value may
be slightly different. In the E-APE region (y > 150) the GRB substructure
intensities indeed correlate with the CBM inhomogeneities. In this limited
region (see peaks A, B, C) the Lorentz gamma factor of the ABM pulse ranges
from 7y ~ 304 to v ~ 200. The boundary of the visible region is smaller than
the thickness AR of the inhomogeneities (see Tab.[A.5.I). Under this condi-
tion 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 de-
creases markedly and in the border line case of peak D o ~ 140. For the
peaks E and F we have oy ~ 50 and, under these circumstances, the boundary
of the visible region becomes much larger than the thickness AR of the inho-
mogeneities (see Tab.[A.5.T). A three dimensional description would be nec-
essary, 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.,2002a).

From our analysis we show that the Dermer and Mitman! (1999) conclu-
sions are correct for ¢y ~ 300 and do indeed hold for v > 150. However,
as the gamma factor drops from ¢ ~ 150 to ¥ ~ 1 (see Fig[A.2.3), the in-
tensity due to the inhomogeneities markedly decreases also due to the angu-
lar 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
CBM cloud is engulfed (see Tab.[A.5.1). We conclude that the “tomography”
is indeed effective, but uniquely in the first CBM region close to the source
and for GRBs with ¢ > 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
10'7 cm give rise to arrival time signals of the order of 20s. This outstanding
result implies an apparent “superluminal velocity” of ~ 10°c (see Tab. @ .
The “superluminal velocity” here considered, first introduced in Ruffini et al.
(2001c), refers to the motion along the line of sight. This effect is proportional
to *. It is much larger than the one usually considered in the literature,
within the context of radio sources and microquasars (see e.g. Mirabel and
Rodriguez, 1994), referring to the component of the velocity at right angles
to the line of sight (see details in |Ruffini et al., 2002a). This second effect is
in fact proportional to 7y (see Rees, 1966). We recall that this “superluminal
velocity” was the starting point for the enunciation of the RSTT paradigm
(Ruffini et al., 2001c), emphasizing the need of the knowledge of the entire
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past worldlines of the source. This need has been further clarified here in
the determination of the EQTS surfaces 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. is also an extremely
stringent additional test on the values of the Lorentz gamma factor deter-
mined as a function of the radial coordinate within the fireshell model (see

Fig.[A.23).

A.5.2 The “canonical” GRB scenario: “genuine”
and “fake” short GRBs

Summarizing, unlike treatments in the current literature (see e.g. Piran, 2005;
Meszaros, 2006, and references therein), we define a “canonical GRB” light
curve with two sharply different components (see Fig. and Ruffini et al.,
2001b, 2007a}; [Bernardini et al., 2007)):

1. The P-GRB: it has the imprint of the black hole formation, an harder
spectrum and no spectral lag (Bianco et al., 2001; Ruffini et al., 2005d).

2. The afterglow: it presents a clear hard-to-soft behavior (Bernardini et al.,
2005a; Rutftini et al., 2004b, 2006b); the peak of the afterglow contributes
to what is usually called the “prompt emission” (see e.g. Ruffini et al.,
2001b, 2006b; Dainotti et al., 2007).

The ratio between the total time-integrated luminosity of the P-GRB (namely,
its total energy) and the corresponding one of the afterglow is the crucial
quantity for the identification of GRBs’ nature. Such a ratio, as well as the
temporal separation between the corresponding peaks, is a function of the B
parameter (Ruffini et al., 2001b).

When the P-GRB is the leading contribution to the emission and the after-
glow is negligible we have a “genuine” short GRB (Ruffini et al., 2001b). This
is the case where B < 107° (see Fig. : in the limit B — 0 the afterglow
vanishes (see Fig.|A.2.8). In the other GRBs, with 10~* < B < 1072, the after-
glow contribution is generally predominant (see Fig.[A.2.8} for the existence
of the upper limit B < 1072 see Rulffini et al., 2000; Dainotti et al.,[2007). Still,
this case presents two distinct possibilities:

e The afterglow peak luminosity is larger than the P-GRB one. A clear
example of this situation is GRB 991216, represented in Fig.

o The afterglow peak luminosity is smaller than the P-GRB one. A clear
example of this situation is GRB 970228, represented in Fig. |A.12.1
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The simultaneous occurrence of an afterglow with total time-integrated lu-
minosity larger than the P-GRB one, but with a smaller peak luminosity, is in-
deed explainable in terms of a peculiarly small average value of the CBM den-
sity, compatible with a galactic halo environment, and not due to the intrinsic
nature of the source (see Fig. and Bernardini et al.,[2007). Such a small
average CBM density deflates the afterglow peak luminosity. Of course, such
a deflated afterglow lasts much longer, since the total time-integrated lumi-
nosity in the afterglow is fixed by the value of the B parameter (see above and
Fig. [A.12.3). In this sense, GRBs belonging to this class are only “fake” short
GRBs. This is GRB class identified by Norris and Bonnell (2006), which also
GRB 060614 belongs to, and which has GRB 970228 as a prototype (Bernardini
et al., 2007).

Our “canonical GRB” scenario, therefore, especially points out the need to
distinguish between “genuine” and “fake” short GRBs:

e The “genuine” short GRBs inherit their features from an intrinsic prop-
erty of their sources. The very small fireshell baryon loading, in fact,
implies that the afterglow time-integrated luminosity is negligible with
respect to the P-GRB one.

e The “fake” short GRBs, instead, inherit their features from the environ-
ment. The very small CBM density, in fact, implies that the afterglow
peak luminosity is lower than the P-GRB one, even if the afterglow to-
tal time-integrated luminosity is higher. This deflated afterglow peak
can be observed as a “soft bump” following the P-GRB spike, as in GRB
970228 (Bernardini et al., 2007), GRB 060614 (Caito et al., in prepara-
tion), and the sources analyzed by |[Norris and Bonnell (2006).

A sketch of the different possibilities depending on the fireshell baryon load-
ing B and the average CBM density (n,,) is given in Fig.
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A.5.2 The “canonical” GRB scenario: “genuine” and “fake” short GRBs

| B <10° I “Genuine”
short GRBs

“Fake” short

e 11~ 107 #/0M |
o GRBs
104 < B <107
n, ~1% Jem? Normal
o (“long”) GRBs

Figure A.5.3: A sketch summarizing the different possibilities predicted by
the “canonical GRB” scenario depending on the fireshell baryon loading B
and the average CBM density (#1¢p,,)-
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A.5 The “canonical GRB” bolometric light curve
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A.6 The spectra of the afterglow

In our approach we focus uniquely on the X and gamma ray radiation, which
appears to be conceptually much simpler than the optical and radio emission.
It is perfectly predictable by a set of constitutive equations (see section[A.6.T),
which leads to directly verifiable and very stable features in the spectral dis-
tribution of the observed GRB afterglows. In line with the observations of
GRB 991216 and other GRB sources, we assume in the following that the X
and gamma ray luminosity represents approximately 90% of the energy flux
of the afterglow, while the optical and radio emission represents only the re-
maining 10%.

This approach differs significantly from the other ones in the current liter-
ature, where attempts are made to explain at once all the multi-wavelength
emission in the radio, optical, X and gamma ray as coming from a common
origin which is linked to boosted synchrotron emission. Such an approach
has been shown to have a variety of difficulties (Ghirlanda et al., 2002 Preece
et al., 1998)) and cannot anyway have the instantaneous variability needed to
explain the structure in the “prompt radiation” in an external shock scenario,
which is indeed confirmed by our model.

A.6.1 The luminosity in fixed energy bands

Here the fundamental new assumption is adopted (see also Ruffini et al.,
2004b) that the X and gamma ray radiation during the entire afterglow phase
has a thermal spectrum in the comoving frame. The temperature is then given

by: s
T, = [AEim/ (zm#mmﬂ ) (A.6.1.1)

where AE;,; is the internal energy developed in the collision with the CBM in
a time interval AT in the co-moving frame, ¢ is the Stefan-Boltzmann constant
and

R = Acrr/ Avis, (A.6.1.2)

is the ratio between the “effective emitting area” of the ABM pulse of radius
r and its total visible area, which accounts for the CBM filamentary structure
(Ruffini et al., 2005c). Due to the CBM inhomogeneities the ABM emitting
region is in fact far from being homogeneous. In GRB 991216 such a factor is
observed to be decreasing during the afterglow between: 3.01 x 1078 > R >
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A.6 The spectra of the afterglow
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Figure A.6.1: The temperature in the comoving frame of the shock front cor-
responding to the density distribution with the six spikes A,B,C,D,E,F pre-
sented in Fig. The green line corresponds to an homogeneous distri-
bution with 1., = 1. Details in Ruffini et al.| (2005c).

5.01 x 10712 (Ruffini et al., 2004b).

The temperature in the comoving frame corresponding to the density dis-
tribution described in [Ruffini et al. (2002a)) is shown in Fig.

We are now ready to evaluate the source luminosity in a given energy band.
The source luminosity at a detector arrival time ¢, per unit solid angle dQ)
and in the energy band [v;,15] is given by (see Rulffini et al., 2003, 2004b):

dE A L dt
dtng - /EQTS 47T v cost A d_tgw (Vlz V2, Tarr) dx, (A.6.1.3)

where Ae = AE;;;/V is the energy density released in the interaction of the
ABM pulse with the CBM inhomogeneities measured in the comoving frame,
A = 9(1 — (v/c)cos®) is the Doppler factor, W (v1, vo, Tyr) is an “effec-
tive weight” required to evaluate only the contributions in the energy band
[v1,v2], d¥ is the surface element of the EQTS at detector arrival time ¢ on
which the integration is performed (see also Ruffini et al., 2005c) and Ty is
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A.6.2 The time integrated spectra and the hard-to-soft transition

the observed temperature of the radiation emitted from 4.
Torr = Ts/ [y (1 — (v/c) cos ¥) (1+z)] . (A.6.1.4)

The “effective weight” W (v1, v, Ty ) 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 aTx,,:

1 V2 h\?
W (Vl, Vz, TQVT) — aT4 /1; p (Tarr, V) d (?) 7 (A.6.1.5)
arr 1

where p (Tyr, v) is the Planckian distribution at temperature Ty,

0 (Tarr,v) = (2/h3) hv/ (eh"/(kTm) — 1) (A.6.1.6)

A.6.2 The time integrated spectra and the
hard-to-soft 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. Frontera et al.,
2000; Ghirlanda et al., 2002; Piran, 1999; |Piro et al., 1999). We consider the in-
stantaneous spectral distribution of the observed radiation for three different
EQTSs:

e t4 =105, in the early radiation phase near the peak of the luminosity,

o t9 =1.45 x 10° 5, in the last observation of the afterglow by the Chandra
satellite, and

e t1 = 10* s, chosen in between the other two (see Fig. |A.6.2).

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.

A clear signature of our model is the existence of a common low-energy be-
havior of the instantaneous spectrum represented by a power-law with index
a = 0.9. This prediction will be possibly verified in future observations.
Starting from these instantaneous values, we integrate the spectra in ar-
rival time obtaining what is usually fit in the literature by the “Band relation”
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A.6 The spectra of the afterglow
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Figure A.6.2: The instantaneous spectra of the radiation observed in
GRB 991216 at three different EQTS respectively, from top to bottom, for
t9 = 10s, t9 = 10* s and t/ = 1.45 x 10° s. These diagrams have been
computed assuming a constant (11.,,) =~ 1 particle/cm? and clearly explains
the often quoted hard-to-soft spectral evolution in GRBs. Details in Ruffini
et al.| (2004b).
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A.6.3 Evidence for isotropic emission in GRB991216
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Figure A.6.3: 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 & = —1.05 and the high energy part above 500 keV is fit by a
power-law with an index B < —16. Details in Ruffini et al. (2004b).

(Band et al., 1993). Indeed we find for our integrated spectra a low energy
spectral index & = —1.05 and an high energy spectral index § < —16 when
interpreted within the framework of a Band relation (see Fig. [A.6.3). This
theoretical result can be submitted to a direct confrontation with the observa-
tions of GRB 991216 and, most importantly, the entire theoretical framework
which we have developed can now be applied to any GRB, as we will se
in section The theoretical predictions on the luminosity in fixed energy
bands so obtained can be then straightforwardly confronted with the obser-
vational data.

A.6.3 Evidence for isotropic emission in
GRB991216

We give in Fig. [A.6.4 the results of the fit of the GRB 991216 light curves in the
two energy bands 50-300 keV (observed by BATSE) and 2-10 keV (observed
by R-XTE and Chandra). We already pointed out in the previous section the
agreement with the data of the “prompt” radiation obtained by BATSE in the
energy range 50-300 keV (see blue line in Fig. [A.6.4). We here show the fit of
the data obtained by the R-XTE and Chandra satellites (Halpern et al., 2000)
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Figure A.6.4: Above: Best fit of the afterglow data of GRB 991216. The blue
line is the luminosity in the 50-300 keV energy band. The red line is the
luminosity in the 2-10 keV band computed assuming spherical symmetry.
The observational data from R-XTE and Chandra (see Halpern et al., 2000)
are perfectly consistent with such an assumption. The presence of a ¢, = 3°
half-opening beaming angle (green line) is ruled out. Below: Enlargement
of the plot in the region of the afterglow observational data from R-XTE and
Chandra.
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A.6.3 Evidence for isotropic emission in GRB991216

in the energy range 2-10 keV (see red line in Fig. [A.6.4). These data refer to
the decaying part of the afterglow and cover a time span of ~ 10° s.

We have also computed, within our global self-consistent approach which
tits both the “prompt” radiation and the decaying part of the afterglow, the
flux in the 2-10 keV range which would be expected for a beamed emission
with half opening angle 9, = 3°, which is the value claimed in the current
literature for GRB 991216 (see Halpern et al., 2000, and Fig. [A.6.4). The pres-
ence of beaming is manifest, as expected, in the decaying part of the afterglow
and is incompatible with the data. In fact, the actual afterglow luminosity in
tixed energy bands, in spherical symmetry, does not have a simple power law
dependence on arrival time (see Fig. [A.6.4). This circumstance has been er-
roneously interpreted, in the usual presentation in the literature, as a broken
power-law supporting the existence of jet-like structures in GRBs. Moreover,
the slope of the beamed emission and the arrival time at which the break
occurs have been there computed using the approximate equations (see the
following report about “Relativistic effects in Physics and Astrophysics”and
Bianco and Rutftini, 2004, 2005b,a, |2006). If one assumes the presence of jets in
a consistent afterglow theory, one finds that the break corresponding to the
purported beaming appears at an arrival time incompatible with the obser-

vations (see Fig. and Ruffini et al., 2006c).
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A.7 On the GRB-SN association

Models of GRBs based on a single source (the “collapsar”) generating both
the SN and the GRB abounds in the literature (see e.g. Woosley and Bloom,
2006). Since the two phenomena are qualitatively very different, in our ap-
proach we have emphasized the concept of induced gravitational collapse,
which occurs strictly in a binary system. The SN originates from a star evolved
out of the main sequence and the GRB from the collapse to a black hole. The
concept of induced collapse implies at least two alternative scenarios. In the
first, the GRB triggers a SN explosion in the very last phase of the thermonu-
clear evolution of a companion star (Ruffini et al., 2001a). In the second, the
early phases of the SN induce gravitational collapse of a companion neutron
star to a black hole (Ruffini, 2006). Of course, in absence of SN, there is also
the possibility that the collapse to a black hole, generating the GRB, occurs in
a single star system or in the final collapse of a binary neutron star system.
Still, in such a case there is also the possibility that the black hole progenitor is
represented by a binary system composed by a white dwarf and/or a neutron
star and/or a black hole in various combinations. What is most remarkable is
that, following the “uniqueness of the black hole” (see Ruffini, in pressb), all
these collapses lead to a common GRB independently of the nature of their
progenitors.

Having obtained success in the fit of GRB 991216, as well as of GRB 031203
and GRB 050315 (see sections and [A.9), we turn to the application of
our theoretical analysis to the GRBs associated with SNe. We start with GRB
980425 / SN 1998bw. We have however to caution about the validity of this
tit. From the available data of BeppoSAX, BATSE, XMM and Chandra, only
the data of the prompt emission (t¢ < 102 s) and of the latest afterglow phases
(7 > 10° s all the way to more than 108 s!) were available. Our fit refers only
to the prompt emission, as usually interpreted as the peak of the afterglow.
The fit, therefore, represents an underestimate of the GRB 980425 total en-
ergy and in this sense it is not surprising that it does not fit the Amati et al.
(2002) relation. The latest afterglow emission, the URCA-1 emission, presents
a different problematic which we will shortly address (see below).

A.7.1 GRB 980425 / SN 1998bw / URCA-1

The best fit of the observational data of GRB 980425 (Pian et al., 2000; Frontera
et al, 2000) leads to E' = 1.2 x 10% erg and B = 7.7 x 10~°. This implies
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Figure A.7.1: Theoretical light curves of GRB 980425 prompt emission in the
40-700 keV and 2-26 keV energy bands (red line), compared with the ob-
served data respectively from Beppo-SAX GRBM and WEC (see [Pian et al.,
2000; Frontera et al., 2000).
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Figure A.7.2: Theoretical light curves of GRB 980425 in the 40-700 keV (red
line), 2-26 keV (green line), 2-10 keV (blue line) energy bands, represented
together with URCA-1 observational data. All observations are by BeppoSAX
(Pian et al., 2000), with the exception of the last two URCA-1 points, which is
observed by XMM and Chandra (Pian et al., 2004; Kouveliotou et al., 2004).
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A.7 On the GRB-SN association

an initial e* plasma with N,+,- = 3.6 x 10° and with an initial temperature
T = 1.2 MeV. After the transparency point, the initial Lorentz gamma factor
of the accelerated baryons is 7y, = 124. The variability of the luminosity, due
to the inhomogeneities of the CBM, is characterized by a density contrast
dn/n ~ 107! on a length scale of A ~ 10'* cm. We determine the effective
CBI\;[ parameters to be: (ny,,) = 2.5 x 1072 particle/cm® and (R) = 1.2 x
107°.

In Fig. we test our specific theoretical assumptions comparing our
theoretically computed light curves in the 40-700 and 2-26 keV energy bands
with the observations by the BeppoSAX GRBM and WFC during the first 60
s of data (see |Pian et al., 2000; Frontera et al.,[2000). The agreement between
observations and theoretical predictions in Fig. is very satisfactory.

In Fig. we summarize some of the problematic implicit in the old
pre-Swift era: data are missing in the crucial time interval between 60 s and
10° s, when the BeppoSAX NFI starts to point the GRB 980425 location. In
this region we have assumed, for the effective CBM parameters, constant val-
ues inferred by the last observational data. Currently we are relaxing this
condition, also in view of the interesting paper by Ghisellini et al.| (2006).

The follow-up of GRB980425 with BeppoSAX NFI 10 hours, one week and
6 months after the event revealed the presence of an X-ray source consistent
with SN1998bw (Pian et al., 2000), confirmed also by observations by XMM
(Pian et al., 2004) and Chandra (Kouveliotou et al.,2004). The S1 X-ray light
curve shows a decay much slower than usual X-ray GRB afterglows (Pian
et al., 2000). We then address to this peculiar X-ray emission as “URCA-1"
(see section[A.2.3land the following sections). In Fig. we represent the
URCA-1 observations (Pian et al., 2000, 2004; Kouveliotou et al., 2004). The
separation between the light curves of GRB 980425 in the 2-700 keV energy
band, of SN 1998bw in the optical band (Nomoto et al,2007; Pian et al., 2006),
and of the above mentioned URCA-1 observations is evident.

A.7.2 GRB 030329 / SN 2003dh / URCA-2

For GRB 030329 we have obtained (see Bernardini et al., 2004, 2005b; Ruffini
et al}, 2007b) a total energy E'% = 2.12 x 10°? erg and a baryon loading B =
4.8 x 10~°. This implies an initial e* plasma with N,+,- = 1.1 x 10°” and with
an initial temperature T = 2.1 MeV. After the transparency point, the initial
Lorentz gamma factor of the accelerated baryons is 7y, = 206. The effective
CBM parameters are (1n1.,,) = 2.0 particle/cm> and (R) = 2.8 x 1077, with a
density contrast 6n/n ~ 10 on a length scale of A ~ 10'* cm. The resulting
fit of the observations, both of the prompt phase and of the afterglow have
been presented in Bernardini et al| (2004, 2005b). We compare in Fig.
the light curves of GRB 030329 in the 2400 keV energy band, of SN 2003dh
in the optical band (Nomoto et al., 2007; [Pian et al., 2006) and of the possible
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A.7.3 GRB 031203 / SN 2003w / URCA-3

Table A.7.1: a) see Kaneko et al.|(2007); b) Mazzali, P., private communication

at MG11 meeting in Berlin, July 2006; c) evaluated fitting the URCAs with a

power law followed by an exponentially decaying part; d) evaluated assum-

ing a mass of the neutron star M = 1.5M¢ and T ~ 5-7 keV in the source rest

frame; e) see Galama et al.|(1998); Greiner et al.|(2003); Prochaska et al./(2004);

Mirabal et al.| (2006).

tot olom in fof kin

i v e W me mal
980425 12x10%  77x10° 124 23x109  1.0x 107 3% 108 04 1.7 x 107 8 0.0085
030329  21x10%2  48x1073 206 1.8x10¥  8.0x 105! 3 x 10% 6x102  12x103 14 0.1685

031203  1.8x10%  74x107% 133 3.1 x10¥ 1.5 x 1052 2 x 10% 8.2 3.0 x 103 20 0.105
060218  1.8x10%  1.0x1072 99 92x10%  20x10°! ? ? ? ? 0.033

GRB

URCA-2 emission observed by XMM-EPIC in 2-10 keV energy band (Tiengo
et al., 2003, 2004).

A.7.3 GRB 031203 / SN 2003Iw / URCA-3

We will show in section the detailed analysis of GRB 031203 which leads
to a total energy E'Y! = 1.85 x 10° erg and to a baryon loading B = 7.4 x
1073. This implies an initial e* plasma with N,+,- = 3.0 x 10> and with
an initial temperature T = 1.5 MeV. After the transparency point, the initial
Lorentz gamma factor of the accelerated baryons is 7, = 132. The effective
CBM parameters are (1,,) = 1.6 x 107! particle/cm® and (R) = 3.7 x 109,
with a density contrast 6n/n ~ 10 on a length scale of A ~ 10! cm. In Fig.
we compare the light curves of GRB 031203 in the 2-200 keV energy
band, of SN 20031w in the optical band (Nomoto et al., 2007; Pian et al., 2006)
and of the possible URCA-3 emission observed by XMM-EPIC in the 0.2-10
keV energy band (Watson et al., 2004) and by Chandra in the 2-10 keV energy
band (Soderberg et al., 2004).

A.7.4 The GRB / SN / URCA connection

In Tab. [A.7.]|we summarize the representative parameters of the above three
GRB-SN systems together with GRB 060218-SN 2006aj which will be pre-
sented in section including the very large kinetic energy observed in
all SNe (Mazzali, 2006). Some general conclusions on these weak GRBs at
low redshift, associated to SN Ib/c, can be established on the ground of our
analysis:

1) From the detailed fit of their light curves, as well as their accurate spec-
tral analysis, it follows that all the above GRB sources originate consistently
from the formation of a black hole. This result extends to this low-energy GRB
class at small cosmological redshift the applicability of our model, which now
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Figure A.7.3: Theoretically computed light curves of GRB 980425 in the 2-700
keV band (A), of GRB 030329 in the 2-400 keV band (B) and of GRB 031203
in the 2-200 keV band (C) are represented, together with the URCA obser-
vational data and qualitative representative curves for their emission, fitted
with a power law followed by an exponentially decaying part. The luminos-
ity of the SNe in the 3000 — 24000 A are also represented (Nomoto et al., 2007;
Pian et al., 2006)).
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A.7.5 URCA-1, URCA-2 and URCA-3

spans over a range of energy of six orders of magnitude from 10*® to 10> ergs
(Ruffini et al., 2003, 20044, 2007b}; Bernardini et al., 2004, 2005b}a; Ruffini et al.,
2006b). Distinctive of this class is the very high value of the baryon loading
which in one case (GRB 060218, see section and Dainotti et al., 2007)
is very close to the maximum limit compatible with the dynamical stability
of the adiabatic optically thick acceleration phase of the GRBs (Ruffini et al.,
2000). Correspondingly, the maximum Lorentz gamma factors are systemat-
ically smaller than the ones of the more energetic GRBs at large cosmological
distances. This in turn implies the smoothness of the observed light curves in
the so-called “prompt phase”. The only exception to this is the case of GRB
030329.

2) The accurate fits of the GRBs allow us to infer also some general properties
of the CBM. While the size of the clumps of the inhomogeneities is A ~ 104
cm, the effective CBM average density is consistently smaller than in the case
of more energetic GRBs: we have in fact (11,,) in the range between ~ 107°
particle/ cm® (GRB 060218) and ~ 107! particle/ cm® (GRB 031203), while
only in the case of GRB 030329 it is ~ 2 particle/cm>. We are also currently
studying a characteristic trend in the variability of R during some specific
bursts as well as the physical origin of the consistently smaller effective CBM
density (n.,,) values observed in these sources (see Dainotti et al., 2007).

3) Still within their weakness these four GRB sources present a large variabil-
ity in their total energy: a factor 10* between GRB 980425 and GRB 030329.
Remarkably, the SNe emission both in their very high kinetic energy and in
their bolometric energy appear to be almost constant respectively 10°? erg
and 10* erg. The URCASs present also a remarkably steady behavior around
a “standard luminosity” and a typical temporal evolution. The weakness in
the energetics of GRB 980425 and GRB 031203, and the sizes of their dyado-
spheres, suggest that they originate from the formation of the smallest pos-
sible black hole, just over the critical mass of the neutron star (see Fig.
and [Ruffini} 2006).

A.7.5 URCA-1, URCA-2 and URCA-3

We turn to the search for the nature of URCA-1, URCA-2 and URCA-3. These
systems are not yet understood and may have an important role in the com-
prehension of the astrophysical scenario of GRB sources. It is important to
perform additional observations in order to verify if the URCA sources are
related to the black hole originating the GRB phenomenon or to the SN. Even
a single observation of an URCA source with a GRB in absence of a SN would
prove their relation with the black hole formation. Such a result is today the-
oretically unexpected and would open new problematics in relativistic astro-
physics and in the physics of black holes. Alternatively, even a single obser-
vation of an URCA source during the early expansion phase of a Type Ib/c
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SN in absence of a GRB would prove the early expansion phases of the SN
remnants. In the case that none of such two conditions are fulfilled, then the
URCA sources must be related to the GRBs occurring in presence of a SN.
In such a case, one of the possibilities would be that for the first time we are
observing a newly born neutron star out of the supernova phenomenon un-
veiled by the GRB. This last possibility would offer new fundamental infor-
mation about the outcome of the gravitational collapse, and especially about
the equations of state at supranuclear densities and about a variety of funda-
mental issues of relativistic astrophysics of neutron stars.

The names of “URCA-1"” and “URCA-2" for the peculiar late X-ray emis-
sion of GRB 980425 and GRB 030329 were given in the occasion of the Tenth
Marcel Grossmann meeting held in Rio de Janeiro (Brazil) in the Village of
Urca (see Ruffini et al., 2005b). Their identification was made at that time
and presented at that meeting. However, there are additional reasons for the
choice of these names. Another important physical phenomenon was indeed
introduced in 1941 in the same Village of Urca by George Gamow and Mario
Schoenberg (see Gamow and Schoenberg), 1941). The need for a rapid cooling
process due to neutrino anti-neutrino emission in the process of gravitational
collapse leading to the formation of a neutron star was there considered for
the first time. It was Gamow who named this cooling as “Urca process” (see
Gamow, 1970). Since then, a systematic analysis of the theory of neutron star
cooling was advanced by Tsuruta| (1964, 1979); Tsuruta and Cameron| (1966);
Tsuruta et al.|(2002); Canuto (1978). The coming of age of X-ray observatories
such as Einstein (1978-1981), EXOSAT (1983-1986), ROSAT (1990-1998), and
the contemporary missions of Chandra and XMM-Newton since 1999 dra-
matically presented an observational situation establishing very embarrass-
ing and stringent upper limits to the surface temperature of neutron stars in
well known historical supernova remnants (see e.g. Romani, (1987). It was so
that, for some remnants, notably SN 1006 and the Tycho supernova, the upper
limits to the surface temperatures were significantly lower than the temper-
atures given by standard cooling times (see e.g. Romani, 1987). Much of the
theoretical works has been mainly directed, therefore, to find theoretical ar-
guments in order to explain such low surface temperature Ts ~ 0.5-1.0 x 10°
K — embarrassingly low, when compared to the initial hot (~ 10! K) birth
of a neutron star in a supernova explosion (see e.g. Romani, [1987). Some
important contributions in this researches have been presented by [van Riper
(1988, 1991); [Burrows and Lattimer| (1986); Lattimer et al.| (1994); Yakovlev
and Pethick (2004). The youngest neutron star to be searched for thermal
emission has been the pulsar PSR J0205+6449 in 3C 58 (see e.g. Yakovlev and
Pethick, 2004), which is 820 years old! [Trtimper (2005) reported evidence for
the detection of thermal emission from the crab nebula pulsar which is, again,
951 years old.

URCA-1, URCA-2 and URCA-3 may explore a totally different regime: the
X-ray emission possibly from a recently born neutron star in the first days —
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months of its existence. The thermal emission from the young neutron star
surface would in principle give information on the equations of state in the
core at supranuclear densities and on the detailed mechanism of the forma-
tion of the neutron star itself with the related neutrino emission. It is also pos-
sible that the neutron star is initially fast rotating and its early emission could
be dominated by the magnetospheric emission or by accretion processes from
the remnant which would overshadow the thermal emission. A periodic sig-
nal related to the neutron star rotational period should in principle be observ-
able in a close enough GRB-SN system. In order to attract attention to this
problematic, we have given in Tab. an estimate of the corresponding
neutron star radius for URCA-1, URCA-2 and URCA-3. It has been pointed
out (see e.g. Pian et al., 2000) the different spectral properties between the
GRBs and the URCAs. It would be also interesting to compare and contrast
the spectra of all URCAs in order to evidence any analogy among them. Ob-
servations of a powerful URCA source on time scales of 0.1-10 seconds would
be highly desirable.
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A.8 Application to GRB 031203

GRB 031203 was observed by IBIS, on board of the INTEGRAL satellite (see
Mereghetti and Gotz, 2003), as well as by XMM (Watson et al., 2004) and
Chandra (Soderberg et al., 2004) in the 2 — 10 keV band, and by VLT (Soder-
berg et al., 2004) in the radio band. It appears as a typical long burst (Sazonov
et al., 2004a)), with a simple profile and a duration of ~ 40 s. The burst flu-
ence in the 20 — 200 keV band is (2.0 + 0.4) x 107% erg/cm? (Sazonov et al.,
2004a), and the measured redshift is z = 0.106 (Prochaska et al., [2004). We
analyze in the following the gamma-ray signal received by INTEGRAL. The
observations in other wavelengths, in analogy with the case of GRB 980425
(Pian et al., 2000; Ruffini et al., 2004a, 2007b), could be related to the super-
nova event, as also suggested by Soderberg et al. (2004), and they will be
examined elsewhere.

The INTEGRAL observations find a direct explanation in our theoretical
model. We reproduce correctly the observed time variability of the prompt
emission (see Fig. [A.8.T|and Bernardini et al.,2005a). The radiation produced
by the interaction of the optically thin fireshell with the CBM agrees with
observations both for intensity and time structure.

The progress in reproducing the X and y—ray emission as originating from
a thermal spectrum in the comoving frame of the burst (Ruffini et al., 2004b)
leads to the characterization of the instantaneous spectral properties which
are shown to drift from hard to soft during the evolution of the system (see
section[A.6.2). The convolution of these instantaneous spectra over the obser-
vational time scale is in very good agreement with the observed power-law
spectral shape.

A.8.1 The initial conditions

The best fit of the observational data leads to a total energy of the electron-
positron plasma E'% = 1.85 x 10°0 erg. Assuming a black hole mass M =
10M, we then have a black hole charge to mass ratio ¢ = 6.8 x 1073; the
plasma is created between the radii r; = 2.95 x 10° cm and r, = 2.81 x 107
cm with an initial temperature T = 1.52 MeV and a total number of pairs
N,+ = 2.98 x 10°°. The amount of baryonic matter in the remnant is B =
74 %1073,

After the transparency point and the P-GRB emission, the initial Lorentz
gamma factor of the accelerated baryons is v, = 132.8 at an arrival time at

921



A.8 Application to GRB 031203

the detector Y = 8.14 x 107 s and a distance from the Black Hole r, =
6.02 x 10'? cm. The CBM parameters are: < 1., >= 0.3 particle/cm® and
<R>=781x10"".

A.8.2 The GRB luminosity in fixed energy bands

The aim of our model is to derive from first principles both the luminosity
in selected energy bands and the time resolved /integrated spectra. We recall
that the luminosity in selected energy bands is evaluated integrating over
the EQTSs (see Ruffini et al., 2004b, and section the energy density
released in the interaction of the accelerated baryons with the CBM measured
in the co-moving frame, duly boosted in the observer frame. The radiation
viewed in the comoving frame of the accelerated baryonic matter is assumed
to have a thermal spectrum and to be produced by the interaction of the CBM
with the front of the expanding baryonic shell.

In order to evaluate the contributions in the band [v1, 12] we have to multi-
ply the bolometric luminosity with an “effective weight” W (vy, va, Ty ), where
Tarr is the observed temperature. W(vy, va, Tyrr) is given by the ratio of the in-
tegral over the given energy band of a Planckian distribution at temperature
Turr to the total integral aT;lW (Ruffini et al., 2004b). The resulting expression

for the emitted luminosity is Eq.(A.6.1.3).

A.8.3 The “prompt emission”

In order to compare our theoretical prediction with the observations, it is
important to notice that there is a shift between the initial time of the GRB
event and the moment in which the satellite instrument has been triggered.
In fact, in our model the GRB emission starts at the transparency point when
the P-GRB is emitted. If the P-GRB is under the threshold of the instrument,
the trigger starts a few seconds later with respect to the real beginning of the
event. Therefore it is crucial, in the theoretical analysis, to estimate and take
into due account this time delay. In the present case it results in At = 3.5 s
(see the bold red line in Fig. [A.8.1). In what follows, the detector arrival time
is referred to the onset of the instrument.

The structure of the prompt emission of GRB 031203, which is a single
peak with a slow decay, is reproduced assuming an CBM which has not a
constant density but presents several density spikes with < 7., >= 0.16
particle/cm?3. Such density spikes corresponding to the main peak are mod-
eled as three spherical shells with width A and density contrast An/n: we
adopted for the first peak A = 3.0 x 10!® cm and An/n = 8, for the second
peak A = 1.0 x 10'® cm and An/n = 1.5 and for the third one A = 7.0 x 1014
cm and An/n = 1. To describe the details of the CBM filamentary structure
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Figure A.8.1: Theoretically simulated light curve of the GRB 031203 prompt
emission in the 20 — 200 keV energy band (solid red line) is compared with

the observed data (green points) from Sazonov et al. (2004a). The vertical
bold red line indicates the time position of P-GRB.
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Figure A.8.2: Five different theoretically predicted instantaneous photon
number spectrum N (E) for tg = 2,6,10, 14, 18 s are here represented (colored
curves) together with their own temporal convolution (black bold curve). The
shapes of the instantaneous spectra are not blackbodies due to the spatial con-
volution over the EQTS (see text).

we would require an intensity vs. time information with an arbitrarily high
resolving power. With the finite resolution of the INTEGRAL instrument, we
can only describe the average density distribution compatible with the given
accuracy. Only structures at scales of 10'> cm can be identified. Smaller struc-
tures would need a stronger signal and/or a smaller time resolution of the
detector. The three clouds here considered are necessary and sufficient to re-
produce the observed light curve: a smaller number would not fit the data,
while a larger number is unnecessary and would be indeterminable.

The result (see Fig. shows a good agreement with the light curve
reported by Sazonov et al. (2004a), and it provides a further evidence for
the possibility of reproducing light curves with a complex time variability
through CBM inhomogeneities (Ruffini et al., 2002a, 2003, 2005a).
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A.8.4 The instantaneous spectrum

As outlined in section/A.6.2] in addition to the the luminosity in fixed energy
bands we can derive also the instantaneous photon number spectrum N(E).
In Fig. are shown samples of time-resolved spectra for five different
values of the arrival time which cover the whole duration of the event.

It is manifest from this picture that, although the spectrum in the comoving
frame of the expanding pulse is thermal, the shape of the final spectrum in
the laboratory frame is clearly non thermal. In fact, as explained in Ruffini
et al. (2004b) and in section each single instantaneous spectrum is the
result of an integration of hundreds of thermal spectra over the correspond-
ing EQTS. This calculation produces a non thermal instantaneous spectrum
in the observer frame (see Fig.[A.8.2).

Another distinguishing feature of the GRBs spectra which is also present
in these instantaneous spectra, as shown in Fig. is the hard to soft
transition during the evolution of the event (Crider et al., 1997; Piran, 1999;
Frontera et al., 2000; (Ghirlanda et al., 2002). In fact the peak of the energy
distributions E, drift monotonically to softer frequencies with time (see Fig.
[A.8.3). This feature explains the change in the power-law low energy spectral
index a (Band et al.,[1993) which at the beginning of the prompt emission of
the burst (2 = 2 s) is « = 0.75, and progressively decreases for later times
(see Fig. [A.8.2). In this way the link between Ej, and « identified by [Crider
et al. (1997) is explicitly shown. This theoretically predicted evolution of the
spectral index during the event unfortunately cannot be detected in this par-
ticular burst by INTEGRAL because of the not sufficient quality of the data
(poor photon statistics, see|Sazonov et al.,[2004a).

A.8.5 The time-integrated spectrum: comparison
with the observed data

The time-integrated observed GRB spectra show a clear power-law behav-
ior. Within a different framework Shakura, Sunyaev and Zel’dovich (see e.g.
Pozdniakov et al., 1983, and references therein) argued that it is possible to
obtain such power-law spectra from a convolution of many non power-law
instantaneous spectra evolving in time. This result was recalled and applied
to GRBs by Blinnikov et al.|[(1999) assuming for the instantaneous spectra a
thermal shape with a temperature changing with time. They showed that
the integration of such energy distributions over the observation time gives a
typical power-law shape possibly consistent with GRB spectra.

Our specific quantitative model is more complicated than the one consid-
ered by Blinnikov et al. (1999): as pointed out in section the instan-
taneous spectrum here is not a black body. Each instantaneous spectrum is
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Figure A.8.3: The energy of the peak of the instantaneous photon number
spectrum N(E) is here represented as a function of the arrival time during
the “prompt emission” phase. The clear hard to soft behavior is shown.
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Figure A.8.4: Three theoretically predicted time-integrated photon number
spectra N(E) are here represented for 0 < tz <55, 5 < tﬁ < 10 s and
10 < tﬁ < 20 s (colored curves). The hard to soft behavior presented in
Fig. is confirmed. Moreover, the theoretically predicted time-integrated
photon number spectrum N(E) corresponding to the first 20 s of the “prompt
emission” (black bold curve) is compared with the data observed by INTE-
GRAL (green points, see Sazonov et al., 2004a,b). This curve is obtained as
a convolution of 108 instantaneous spectra, which are enough to get a good
agreement with the observed data.

obtained by an integration over the corresponding EQTS: it is itself a convolu-
tion, weighted by appropriate Lorentz and Doppler factors, of ~ 10° thermal
spectra with variable temperature. Therefore, the time-integrated spectra are
not plain convolutions of thermal spectra: they are convolutions of convolu-
tions of thermal spectra (see Fig.[A.8.2).

The simple power-law shape of the integrated spectrum is more evident
if we sum tens of instantaneous spectra, as in Fig. In this case we
divided the prompt emission in three different time interval, and for each
one we integrated on time the energy distribution. The resulting three time-
integrated spectra have a clear non-thermal behavior, and still present the
characteristic hard to soft transition.

Finally, we integrated the photon number spectrum N(E) over the whole
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duration of the prompt event (see again Fig. [A.8.4): in this way we obtain a
typical non-thermal power-law spectrum which results to be in good agree-
ment with the INTEGRAL data (see Sazonov et al., 2004a,b) and gives a clear
evidence of the possibility that the observed GRBs spectra are originated from
a thermal emission.

The precise knowledge we have here acquired on GRB 031203 helps in clar-
ifying the overall astrophysical system GRB 031203 - SN 20031w - the 2 — 10
keV XMM and Chandra data (see sections [A.7.3] and [A.7.5] where the late
2 — 10 keV XMM and Chandra data are also discussed).
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GRB 050315 (Vaughan et al., 2006) has been triggered and located by the BAT
instrument (Barthelmy), |2004; Barthelmy et al., 2005a) on board of the Swift
satellite (Gehrels et al., 2004) at 2005-March-15 20:59:42 UT (Parsons et al.,
2005). The narrow field instrument XRT (Burrows et al., 2004, 2005a) began
observations ~ 80 s after the BAT trigger, one of the earliest XRT observations
yet made, and continued to detect the source for ~ 10 days (Vaughan et al.,
2006). The spectroscopic redshift has been found to be z = 1.949 (Kelson and
Berger, 2005).

We present here the results of the fit of the Swift data of this source in 5
energy bands in the framework of our theoretical model, pointing out a new
step toward the uniqueness of the explanation of the overall GRB structure.
We first recall the essential features of our theoretical model; then we fit the
GRB 050315 observations by both the BAT and XRT instruments; we also
present the instantaneous spectra for selected values of the detector arrival
time ranging from 60 s (i.e. during the so called “prompt emission”) all the
way to 3.0 x 10* s (i.e. the latest afterglow phases).

A.9.1 The fit of the observations

The best fit of the observational data leads to a total energy of the black hole
dyadosphere, generating the ¢* plasma, E'% = 1.46 x 103 erg (the obser-
vational Swift Ejs, is > 2.62 X 1052 erg, see Vaughan et al., 2006), so that the
plasma is created between the radii r; = 5.88 x 10° cm and r, = 1.74 X 108 cm
with an initial temperature T = 2.05MeV and a total number of pairs N,+,- =
7.93 x 10%7. The second parameter of the theory, the amount Mg of baryonic
matter in the plasma, is found to be such that B = Mpc?/ Egyq, = 4.55 x 1073,
The transparency point and the P-GRB emission occurs then with an initial
Lorentz gamma factor of the accelerated baryons 7y, = 217.81 at a distance
r = 1.32 x 10 cm from the black hole.

A.9.1.1 The BAT data

In Fig. we represent our theoretical fit of the BAT observations in the
three energy channels 15-25 keV, 25-50 keV and 50-100 keV and in the whole
15-350 keV energy band.
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A.9.1 The fit of the observations

In our model the GRB emission starts at the transparency point when the
P-GRB is emitted; this instant of time is often different from the moment in
which the satellite instrument triggers, due to the fact that sometimes the
P-GRB is under the instrumental noise threshold or comparable with it. In
order to compare our theoretical predictions with the observations, it is im-
portant to estimate and take into account this time shift. In the present case
of GRB 050315 it has been observed (see Vaughan et al.,[2006) a possible pre-
cursor before the trigger. Such a precursor is indeed in agreement with our
theoretically predicted P-GRB, both in its isotropic energy emitted (which we
theoretically predict to be Ep_grp = 1.98 x 10°! erg) and its temporal sepa-
ration from the peak of the afterglow (which we theoretically predicted to be
At? = 51 s). In Fig. the blue line shows our theoretical prediction for
the P-GRB in agreement with the observations.

After the P-GRB emission, all the observed radiation is produced by the in-
teraction of the expanding baryonic shell with the interstellar medium. In or-
der to reproduce the complex time variability of the light curve of the prompt
emission as well as of the afterglow, we describe the CBM filamentary struc-
ture, for simplicity, as a sequence of overdense spherical regions separated
by much less dense regions. Such overdense regions are nonhomogeneously
filled, leading to an effective emitting area A,fs determined by the dimen-
sionless parameter R (see previous sections and Ruffini et al., 2004b, 2005c,
for details). Clearly, in order to describe any detailed structure of the time
variability an authentic three dimensional representation of the CBM struc-
ture would be needed. However, this finer description would not change the
substantial agreement of the model with the observational data. Anyway,
in the “prompt emission” phase, the small angular size of the source visible
area due to the relativistic beaming makes such a spherical approximation an
excellent one (see also for details Ruffini et al., 2002a)).

The structure of the “prompt emission” has been reproduced assuming
three overdense spherical CBM regions with width A and density contrast
An/(n): we chose for the first region, at r = 4.15 x 10 cm, A = 1.5 x 10%°
cm and An/(n) = 5.17, for the second region, at r = 4.53 x 10'® cm, A =
7.0 x 101 cm and An/(n) = 36.0 and for the third region, at r = 5.62 x 101
cm, A = 5.0 x 10* cm and An/(n) = 85.4. The CBM mean density dur-
ing this phase is (n¢,,) = 0.81 particles/cm® and (R) = 1.4 x 10~7. With
this choice of the density mask we obtain agreement with the observed light
curve, as shown in Fig. A small discrepancy occurs in coincidence with
the last peak: this is due to the fact that at this stage the source visible area due
to the relativistic beaming is comparable with the size of the clouds, therefore
the spherical shell approximation should be duly modified by a detailed anal-
ysis of a full three-dimensional treatment of the CBM filamentary structure.
Such a topic is currently under investigation (see also for details|Ruffini et al.|
2002a). Fig. shows also the theoretical fit of the light curves in the three
BAT energy channels in which the GRB has been detected (15-25 keV in Fig.
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Figure A.9.2: Our theoretical fit (blue line) of the XRT observations (green
points) of GRB 050315 in the 0.2-10 keV energy band (Vaughan et al., 2006).
The theoretical fit of the BAT observations (see Fig.[A.9.Ta) in the 15-350 keV
energy band is also represented (red line).

[A.9.1p, 25-50 keV in Fig. , 50-100 keV in Fig. [A.9.1d).

A.9.1.2 The XRT data

The same analysis can be applied to explain the features of the XRT light
curve in the afterglow phase. It has been recently pointed out (Nousek et al.,

2006)) that almost all the GRBs observed by Swift show a “canonical behav-
ior”: an initial very steep decay followed by a shallow decay and finally a
steeper decay. In order to explain these features many different approaches
have been proposed (Meszaros, 2006; Nousek et al., 2006; Panaitescu et al.,
2006; Zhang et al., 2006a). In our treatment these behaviors are automat-
ically described by the same mechanism responsible for the prompt emis-
sion described above: the baryonic shell expands in an CBM region, between
r = 9.00 x 10'® cm and r = 5.50 x 10'® cm, which is significantly at lower
density ((11o,,) = 4.76 x 10~* particles/cm?, (R) = 7.0 x 107°) then the one
corresponding to the prompt emission, and this produces a slower decrease
of the velocity of the baryons with a consequent longer duration of the af-
terglow emission. The initial steep decay of the observed flux is due to the
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Figure A.9.3: Eight theoretically predicted instantaneous photon number
spectra N(E) are here represented for different values of the arrival time (col-
ored curves). The hard to soft behavior is confirmed.

smaller number of collisions with the CBM. In Fig. is represented our
theoretical fit of the XRT data, together with the theoretically computed 15-
350 keV light curve of Fig. (without the BAT observational data to not
overwhelm the picture too much).

What is impressive is that no different scenarios need to be advocated in
order to explain the features of the light curves: both the prompt and the af-
terglow emission are just due to the thermal radiation in the comoving frame
produced by inelastic collisions with the CBM duly boosted by the relativistic
transformations over the EQTSs.

A.9.2 The instantaneous spectrum

In addition to the the luminosity in fixed energy bands we can derive also
the instantaneous photon number spectrum N(E) starting from the same as-
sumptions. In Fig. are shown samples of time-resolved spectra for
eight different values of the arrival time which cover the whole duration of
the event. It is manifest from this picture that, although the spectrum in the
co-moving frame of the expanding pulse is thermal, the shape of the final
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spectrum in the laboratory frame is clearly non thermal. In fact, as explained
in Ruffini et al.| (2004b), each single instantaneous spectrum is the result of
an integration of thousands of thermal spectra over the corresponding EQTS.
This calculation produces a non thermal instantaneous spectrum in the ob-
server frame (see Fig. [A.9.3).

A distinguishing feature of the GRBs spectra which is also present in these
instantaneous spectra is the hard to soft transition during the evolution of the
event (Crider et al., 1997} Piran, (1999; |[Frontera et al., 2000; |(Ghirlanda et al.|
2002). In fact the peak of the energy distribution E, drifts monotonically to
softer frequencies with time. This feature is linked to the change in the power-
law low energy spectral index « (Band et al.,|1993), so the correlation between
« and E, (Crider et al.,[1997) is explicitly shown.

It is important to stress that there is no difference in the nature of the spec-
trum during the prompt and the afterglow phases: the observed energy dis-
tribution changes from hard to soft, with continuity, from the “prompt emis-
sion” all the way to the latest phases of the afterglow.

A.9.3 Problems with the definition of “long” GRBs

The confirmation by Swift of our prediction of the overall afterglow structure,
and especially the coincidence of the “prompt emission” with the peak of the
afterglow, opens a new problematic in the definition of the long GRBs. It is
clear, in fact, that the identification of the “prompt emission” in the current
GRB literature is not at all intrinsic to the phenomenon but is merely due to
the threshold of the instruments used in the observations (e.g. BATSE in the
50-300 keV energy range, or BeppoSAX GRBM in 40-700 keV, or Swift BAT in
15-350 keV). As it is clear from Fig. there is no natural way to identify
in the source a special extension of the peak of the afterglow that is not the
one purely defined by the experimental threshold. It is clear, therefore, that
long GRBs, as defined till today, are just the peak of the afterglow and there
is no way, as explained above, to define their “prompt emission” duration
as a characteristic signature of the source. As the Swift observations show,
the duration of the long GRBs has to coincide with the duration of the entire
afterglow. A Kouveliotou - Tavani plot of the long GRBs, done following our
interpretation which is clearly supported by the recent Swift data (see Fig.
, will present enormous dispersion on the temporal axis.

We recall that in our theory both “short” and “long” GRBs originate from
the same process of black hole formation. The major difference between the
two is the value of the baryon loading parameter B (see Fig. [A.2.6). In the
limit of small baryon loading, all the plasma energy is emitted at the trans-
parency in the P-GRB, with negligible afterglow observed flux. For higher
values of the baryon loading, the relative energy content of the P-GRB with
respect to the afterglow diminishes (see Ruffini et al., 2005a, and references
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are just functions of the observational threshold.
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therein).
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A.10.1 A widely debated issue: the interpretation
of flares

A flare is a large scale activity in excess on the underlying light curve that
manifests as a bump in luminosity rather intense and sharp in the decaying
phase of the X-Ray afterglow.

When the first flare was detected by BeppoSAX, on the X-Ray light curve
of GRB 011121, it was assumed as an extremely peculiar phenomenon. How-
ever, by the advent of the Swift Mission, many flares have been discovered in
the light curves of about the 50% of the total amount of X-Ray afterglows ob-
served: it was clear that flares are a very typical feature of GRBs phenomenon.
The many observations collected until today show that flares are random
events that manifest in different shapes and in all sizes, in each kind of burst
(both long and short) and at each measure of redshift. X-Ray flares have
been observed in all phases of the X-Ray light curve, the peak time ranges
between 95 s and 75 ks. There are light curves with more than one flare, al-
though the more frequent case exhibits one single pulse on the Gamma-Ray
peak followed by one or two flares. They are often characterized by large
flux variations, can be strongly energetics and in some cases flares have sur-
passed the original GRB (ex. GRB 060526). This extreme variability and, in
particular, the smallness of the time interval in which these big variation of
flux happens, makes hard to give reason of such a phenomenon.

As discussed in the previous sections, in our theory the multiwavelength
emission is entirely due to the fully inelastic collisions of the baryonic rem-
nants of the fireshell with the CBM. Flares also, as characteristic parts of the
afterglow, can be naturally explained in this context. The most relevant re-
sults of recent data analysis made on big samples (Chincarini et al., 2007;
Falcone et al.,|2007) are consistent with our hypothesis of inelastic collisions
as the origin of flares. In fact, first of all, flares manifest until very late times
and follow the typical hard to soft evolution; then, bumps become broader
as the time increases, consistently with a general trend of GRB light curves.
Moreover, the distribution of intensity ratios between successive Gamma-Ray
pulses and that between successive X-Ray flares is the same, while there is no
correlation between the number of pulses of the Gamma-Ray emission and
the number of X-Ray flares. These last features seem to establish a common
origin of Gamma-Ray bumps and X-Ray flares, and this is consistent with
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our hypothesis concerning to which the entire emission (from the Gamma
"Prompt emission” to the late Afterglow phase) is generated by the same in-
elastic collisions process.

On the other hand, it is difficult to conciliate all these aspects within the
standard model or any other model founded on an internal shock process
(eventually followed by an external shock phase). In particular, is hardly ex-
plained the presence of flares at very late times and their strong, rapid varia-
tion of flux. As already said, this is one of the most debated peculiarity of the
appearing flares. It has been found that (dt/t) = 0.13 + 0.10, corresponding
to variations of flux of one or also two orders of magnitude. It's a shared
opinion that an external shock scenario can’t reproduce a similar range of
variability, but we are able to show that this is consistent with our fully in-
elastic collision hypothesis. This assumption implies just the consideration of
the three-dimensional structure of the CBM, until now neglected for the ra-
dial approximation modeling for the CBM profile. We realized a first attempt
to check this idea by its application on the burst with the first flare observed,
GRB 011121.

A.10.2 The first step on the first flare: analysis of
GRB 011121

GRB 011121 is a near, long burst with Ty = 28 s and redshift z = 0.36 (In-
fante et al., 2001). Its fluence (Price et al., 2002) is 2.4 x 10~° erg/ cm? that
corresponds, in the hypothesis of isotropic emission at the observed redshift,
to an energy in the band 2 — 700 keV of 2.8 x 10°? erg. This is the second
brightest source detected by BeppoSAX in <-rays and X-rays. At the time
t = 240 s, in the X-ray 2 — 26 keV energy band, there is a big flare(Piro et al.,
2005} Greiner et al., 2003). It lasts about seventy seconds (dt/t ~ 0.29) and
corresponds to a bump of an order of magnitude in luminosity. It is how-
ever very soft, since its energy is about 3% of the total amount of the prompt
emission (Piro et al., 2005).

In figure we present the observed GRB 011121 light curves in the
three different energy bands we analyzed, together with their theoretical fit
in the framework of our model: 40 — 700 keV, 2 — 26 keV, 2 — 10 keV. Looking
at the observational data we can see that the 40 — 700 keV energy band light
curve presents a temporal profile particularly regular, smooth and homoge-
neous, while the 2 — 26 keV light curve has a remarkably irregular profile.
This is quite anomalous, in fact generally the light curves in these energy
bands presents just the opposite trend.

In figure there is also an enlargement of the flare of this source that
shows in detail the comparison between the theoretical light curve and the
observational data.
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Figure A.10.1: Left: Theoretical fit of the GRB 011121 light curves in the
40 — 700 keV (BeppoSAX GRBM), 2 — 26 keV (BeppoSAX WEFC), 2/10 keV
(BeppoSAX NFI). Right: Enlargement of the Flare.

In the computation of the theoretical light curve for the flare we reproduce
it as due to a spherical cloud of CBM along the line of sight introducing, in
this way, a three-dimensional structure for the Circum Burst Medium. In fact,
in the first approximation, we assume a modeling of thin spherical shells for
the distribution of the CBM. This allows us to consider a purely radial pro-
tile in the expansion (Ruffini et al., 2002a, 2003) . This radial approximation is
valid until the visible area of emission of photons is sufficiently small with re-
spect to the characteristic size of the CBM shell. The visiblre area of emission
is defined by the maximum value of the viewing angle; it varies with time
and is inversely proportional to the Lorentz Gamma Factor(see the previ-
ous). So it happens that, at the beginning of the expansion, when the Gamma
Factor is big (about 10%), the effective distribution of the CBM doesn’t matter
for the narrowness of the viewing angle but, at the end of the expansion, the
remarkable lessening of the Gamma Factor produces a strong increase of the
viewing angle and a correct estimation of the CBM by the introduction of the
angular coordinate distribution becomes necessary.

We can see that our results are in very good agreement with the obser-
vational data, also in the late tail of the flare. In particular, the short time
variability has been successfully reproduced.

Here we performed just a first attempt of application of our interpretation
of flares and we found an encouraging result. Now we plan to verify our
hypothesis by its application to other sources and to produce a detailed cine-
matic and dynamic theory concerning this fundamental features of Gamma-
Ray Burst.
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A.11 Application to GRB 060218

GRB 060218 triggered the BAT instrument of Swift on 18 February 2006 at
03:36:02 UT and has a Toy = (2100 + 100) s (Cusumano et al., [2006). The
XRT instrument (Kennea et al., 2006; Cusumano et al., |2006) began observa-
tions ~ 153 s after the BAT trigger and continued for ~ 12.3 days (Sakamoto
et al., 2006a). The source is characterized by a flat y-ray light curve and a
soft spectrum (Barbier et al.,, 2006). It has an X-ray light curve with a long,
slow rise and gradual decline and it is considered an X-Ray Flash (XRF) since
its peak energy occurs at E, = 4.9f8:§ keV (Campana et al., 2006a). It has
been observed by the Chandra satellite on February 26.78 and March 7.55 UT
(t ~ 8.8 and 17.4 days) for 20 and 30 ks respectively (Soderberg et al., 2006b).
The spectroscopic redshift has been found to be z = 0.033 (Sollerman et al.,
2006 Mirabal et al., 2006). The corresponding isotropic equivalent energy is
Eiso = (1.9 £0.1) x 10% erg (Sakamoto et al., 2006a) which sets this GRB as
a low luminous one, consistent with most of the GRBs associated with SNe
(Liang et al., 2007; |Cobb et al., 2006; Guetta and Della Valle| 2007).

GRB 060218 is associated with SN2006aj whose expansion velocity is v ~
0.1c (Pian et al,, 2006} Fatkhullin et al., 2006; Soderberg et al., 2006a; Cobb
et al., 2006). The host galaxy of SN2006aj is a low luminosity, metal poor
star forming dwarf galaxy (Ferrero et al., 2007) with an irregular morphology
(Wiersema et al., 2007), similar to the ones of other GRBs associated with SNe
(Modjaz et al., 2006} Sollerman et al., 2006).

A.11.1 The fit of the observed data

In this section we present the fit of our fireshell model to the observed data
(see Figs. [A.11.1] [A.11.4). The fit leads to a total energy of the e* plasma
E'%" = 2.32 x 10°Y erg, with an initial temperature T = 1.86 MeV and a total
number of pairs N« = 1.79 x 10°°. The second parameter of the theory, B =
1.0 x 1072, is the highest value ever observed and is close to the limit for the
stability of the adiabatic optically thick acceleration phase of the fireshell (for
further details see Ruffini et al., 2000). The Lorentz gamma factor obtained
solving the fireshell equations of motion (Bianco and Ruffini, 2005bla) is v, =
99.2 at the beginning of the afterglow phase at a distance from the progenitor
ro = 7.82 x 10'2 cm. It is much larger than ¢ ~ 5 estimated by Kaneko et al.
(2007) and Toma et al.|(2007).
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Figure A.11.1: GRB 060218 prompt emission: a) our theoretical fit (blue line)
of the BAT observations in the 15-150 keV energy band (pink points); b) our
theoretical fit (red line) of the XRT observations in the 0.3-10 keV energy band
(green points) (Data from: Campana et al., 2006a).
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In Fig. we show the afterglow light curves fitting the prompt emis-
sion both in the BAT (15-150 keV) and in the XRT (0.3-10 keV) energy ranges,
as expected in our “canonical GRB” scenario (Dainotti et al, 2007). Initially
the two luminosities are comparable to each other, but for a detector arrival
time #/ > 1000 s the XRT curves becomes dominant. The displacement be-
tween the peaks of these two light curves leads to a theoretically estimated
spectral lag greater than 500 s in perfect agreement with the observations (see
Liang et al.,2006). We obtain that the bolometric luminosity in this early part
coincides with the sum of the BAT and XRT light curves (see Fig. and
the luminosity in the other energy ranges is negligible.

We recall that at ¢ ~ 10* s there is a sudden enhancement in the radio
luminosity and there is an optical luminosity dominated by the SN2006aj
emission (see Campana et al., 2006a; Soderberg et al., 2006b; [Fan et al., 2006).
Although our analysis addresses only the BAT and XRT observations, for
r > 10'8 cm corresponding to ¢ > 10* s the fit of the XRT data implies two
new features: 1) a sudden increase of the R factor from R = 1.0 x 10~!! to
R = 1.6 x 107, corresponding to a significantly more homogeneous effec-
tive CBM distribution (see Fig{A.11.5b); 2) an XRT luminosity much smaller
than the bolometric one (see Fig. [A.11.4). These theoretical predictions may
account for the energetics of the enhancement of the radio and possibly op-
tical and UV luminosities. Therefore, we identify two different regimes in
the afterglow, one for t¢ < 10* s and the other for t > 10* s. Nevertheless,
there is a unifying feature: the determined effective CBM density decreases
with the distance » monotonically and continuously through both these two
regimes from n,,, = 1 particle/ cm? at 7 = 7, to 1y, = 1070 particle/cm? at
r = 6.0 x 10" cm: 1y, o« 7%, with 1.0 < a < 1.7 (see Fig. |A.11.5).

Our assumption of spherical symmetry is supported by the observations
which set for GRB 060218 an opening beaming angle larger than ~ 37° (Liang
et al., 2007; Campana et al., 2006a} Soderberg et al., 2006b; Guetta and Della
Valle, 2007).

A.11.2 The procedure of the fit

The arrival time of each photon at the detector depends on the entire previ-
ous history of the fireshell (Ruffini et al., 2001c). Moreover, all the observ-
ables depends on the EQTS (Bianco and Ruffini, 2004, 2005b) which, in turn,
depend crucially on the equations of motion of the fireshell. The CBM en-
gulfment has to be computed self-consistently through the entire dynamical
evolution of the fireshell and not separately at each point. Any change in the
CBM distribution strongly influences the entire dynamical evolution of the
tireshell and, due to the EQTS structure, produces observable effects up to
a much later time. For example if we change the density mask at a certain
distance from the black hole we modify the shape of the lightcurve and con-
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sequently the evolution changes at larger radii corresponding to later times.
Anyway the change of the density is not the only problem to face in the fit-
ting of the source, in fact first of all we have to choose the energy in order to
have Lorentz gamma factor sufficiently high to fit the entire GRB. In order to
show the sensitivity of the fitting procedure I also present two examples of
fits with the same value of B and different value of E'¢'.

The first example has an E%' = 1.36 x 10°0 erg . This fit resulted unsuc-
cessfully as we see from the Fig[A.11.2] because the bolometric lightcurve is
under the XRT peak of the afterglow. This means that the value of the energy
chosen is too small to fit any data points after the peak of the afterglow. So
we have to increase the value of the Energy to a have a better fit. In fact the
parameters values have been found with various attempt in order to obtain
the best fit.

The second example is characterized by E%' = 1.61 x 10° erg and the all
the data are fitted except for the last point from 2.0 x 10%s to the end (see Fig.
[A.11.3). T attempt to fit these last points trying to diminuishes the R values in
order to enhance the energy emission, but again the low value of the Lorentz
gamma factor, that in this case is 3 prevent the fireshell to expand. So again
in this case the value of the Energy chosen is too small, but it is better than
the previous attempt. In this case we increased the energy value of the 24%,
but it is not enough so we decide to increase 16%.

So the final fit is characterized by the B = 1.0 x 10~2 and by the E/¢/ =
2.32 x 10° erg. With this value of the energy we are able to fit all the experi-
mental points.

A.11.3 The fireshell fragmentation

GRB 060218 presents different peculiarities: the extremely long Too, the very
low effective CBM density decreasing with the distance and the largest possi-
ble value of B = 10~2. These peculiarities appear to be correlated. Following
Ruffini et al. (2007b), we propose that in the present case the fireshell is frag-
mented. This implies that the surface of the fireshell does not increase any
longer as r* but as rf with B < 2. Consequently, the effective CBM density

Nepm 18 linked to the actual one nggfn by:

Nepm = Repennt,, with Rgenp = (r/1)", (A.11.3.1)

where 7* is the starting radius at which the fragmentation occurs and a =
2 — B (see Fig. ). For r* = r, we have nggfn = 1 particles/ cm3, as
expected for a “canonical GRB” (Ruffini et al., 2007a) and in agreement with
the apparent absence of a massive stellar wind in the CBM (Soderberg et al.,
2006b; Fan et al., 2006; Li, 2007).

The R parameter defined in Eq.(A.11.3.2) has to take into account both the
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Figure A.11.2: GRB 060218 light curves with E'% = 1.36 x 10°° erg: our the-
oretical fit (blue line) of the 15-150 keV BAT observations (pink points), our
theoretical fit (red line) of the 0.3-10 keV XRT observations (green points)
and the 0.3-10 keV Chandra observations (black points) are represented to-
gether with our theoretically computed bolometric luminosity (black line)
(Data from: Campana et al.|(2006a)); Soderberg et al.| (2006b)).

945



A.11 Application to GRB 060218

g 107

Simulazione bolometrica

46 |
10 Simulazione in banda di XRT ]
F dati definitivi in x —+—— |
simulazione in Bat 1 a8
Dati definitivi di BAT 110
45 | 3
10 ]
? 44 {10° _
ki 107 F 1 @
[7) F [V
» 5
2 11070 =Y
S 103 L 1 8
-02‘ F >
£ : X
2 [/ 101 T
£ 3
3 10% ¢ ] S
=}
& 11072
104 3 1
1107
10%0 ]
| - ..\L...l FEETET | PR P | RN 10-14
10° 10° 10* 10° 108 107

Detector arrival time (s)

Figure A.11.3: GRB 060218 light curves with E!% = 1.61 x 10°” erg: our the-
oretical fit (blue line) of the 15-150 keV BAT observations (pink points), our
theoretical fit (red line) of the 0.3-10 keV XRT observations (green points)
and the 0.3-10 keV Chandra observations (black points) are represented to-
gether with our theoretically computed bolometric luminosity (black line).
Data from: Campana et al. (2006a); Soderberg et al.| (2006b).
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Figure A.11.4: GRB 060218 complete light curves: our theoretical fit (blue
line) of the 15-150 keV BAT observations (pink points), our theoretical fit
(red line) of the 0.3-10 keV XRT observations (green points) and the 0.3-10
keV Chandra observations (black points) are represented together with our
theoretically computed bolometric luminosity (black line) (Data from: Cam-
pana et al., 2006a; Soderberg et al., 2006b).
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effect of the fireshell fragmentation (Ryp,;;) and of the effective CBM porosity

(Reom):
R= :Rshell X :Rcbm . (A1132)

The phenomenon of the clumpiness of the ejecta, whose measure is the
tilling factor, is an aspect well known in astrophysics. For example, in the
case of Novae the filling factor has been measured to be in the range 102~
105 (Ederoclite et al., 2006). Such a filling factor coincides, in our case, with

Rshell-

A.11.4 Binaries as progenitors of GRB-SN systems

The majority of the existing models in the literature appeal to a single astro-
physical phenomenon to explain both the GRB and the SN (“collapsar”, see
e.g. Woosley and Bloom, 2006). On the contrary, a distinguishing feature of
our theoretical approach is to differentiate between the SN and the GRB pro-
cess. The GRB is assumed to occur during the formation process of a black
hole. The SN is assumed to lead to the formation of a neutron star (NS) or
to a complete disruptive explosion without remnants and, in no way, to the
formation of a black hole. In the case of SN2006aj the formation of such a NS
has been actually inferred by Maeda et al. (2007) because of the large amount
of ®Ni (0.05M,). Moreover the significantly small initial mass of the SN pro-
genitor star M ~ 20M, is expected to form a NS rather than a black hole
when its core collapses (Maeda et al., 2007 Ferrero et al., 2007; Mazzali et al.,
2006; Nomoto et al., 2007). In order to fulfill both the above requirement, we
assume that the progenitor of the GRB and the SN consists of a binary system
formed by a NS close to its critical mass collapsing to a black hole, and a com-
panion star evolved out of the main sequence originating the SN. The tem-
poral coincidence between the GRB and the SN phenomenon is explained in
term of the concept of “induced” gravitational collapse (Ruffini et al., 2001a)
2007b). There is also the distinct possibility of observing the young born NS
out of the SN (see e.g. [Ruffini et al., 2007b| and references therein).

It has been often proposed that GRBs associated with SNe Ib/c, at smaller
redshift 0.0085 < z < 0.168 (see e.g.|Della Valle, 2006, and references therein),
form a different class, less luminous and possibly much more numerous than
the high luminosity GRBs at higher redshift (Pian et al., 2006; Soderberg et al.,
2004; Maeda et al., 2007; Della Valle, 2006). Therefore they have been pro-
posed to originate from a separate class of progenitors (Liang et al., 2007;
Cobb et al., 2006). In our model this is explained by the nature of the progen-
itor system leading to the formation of the black hole with the smallest possi-
ble mass: the one formed by the collapse of a just overcritical NS (Ruttini, in
pressa; Ruffini et al., 2007b).

The recent observation of GRB 060614 at z = 0.125 without an associated

949



A.11 Application to GRB 060218

SN (Della Valle et al., 2006; Mangano et al., 2007) gives strong support to our
scenario, alternative to the collapsar model. Also in this case the progenitor
of the GRB appears to be a binary system composed of two NSs or a NS and
a white dwarf.

A.11.5 Conclusions

GRB 060218 presents a variety of peculiarities, including its extremely large
Top and its classification as an XRF. Nevertheless, a crucial point of our anal-
ysis is that we have successfully applied to this source our “canonical GRB”
scenario.

Within our model there is no need for inserting GRB 060218 in a new
class of GRBs, such as the XRFs, alternative to the “canonical” ones. This
same point recently received strong observational support in the case of GRB
060218 (Liang et al., 2006) and a consensus by other models in the literature
(Kaneko et al., 2007).

The anomalously long To led us to infer a monotonic decrease in the CBM
effective density giving the first clear evidence for a fragmentation in the
tireshell. This phenomenon appears to be essential in understanding the fea-
tures of also other GRBs (see e.g. GRB 050315 in Rutffini et al., 2007b; [Bernar-
dini et al., 2007).

Our “canonical GRB” scenario originates from the gravitational collapse to
a black hole and is now confirmed over a 10° range in energy (see e.g. Ruffini
et al., 2007a, and references therein). It is clear that, although the process of
gravitational collapse is unique, there is a large variety of progenitors which
may lead to the formation of black holes, each one with precise signatures in
the energetics. The low energetics of the class of GRBs associated with SNe,
and the necessity of the occurrence of the SN, naturally leads in our model
to identify their progenitors with the formation of the smallest possible black
hole originating from a NS overcoming his critical mass in a binary system.
For GRB 060218 there is no need within our model for a new or unidentified
source such as a magnetar or a collapsar.

GRB 060218 is the first GRB associated with SN with complete coverage
of data from the onset all the way up to ~ 10° s. This fact offers an un-
precedented opportunity to verify theoretical models on such a GRB class.
For example, GRB 060218 fulfills the Amati et al. (2002) relation unlike other
sources in its same class. This is particularly significant, since GRB 060218
is the only source in such a class to have an excellent data coverage without
gaps. We are currently examining if the missing data in the other sources of
such a class may have a prominent role in their non-fulfillment of the Am-
ati et al. (2002) relation (Dainotti et al., in preparation; see also Ghisellini
et al.,[2006).
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GRB 970228 was detected by the Gamma-Ray Burst Monitor (GRBM, 40-
700 keV) and Wide Field Cameras (WFC, 2-26 keV) on board BeppoSAX on
February 28.123620 UT (Frontera et al., 1998). The burst prompt emission is
characterized by an initial 5 s strong pulse followed, after 30 s, by a set of
three additional pulses of decreasing intensity (Frontera et al, [1998). Eight
hours after the initial detection, the NFIs on board BeppoSAX were pointed
at the burst location for a first target of opportunity observation and a new
X-ray source was detected in the GRB error box: this is the first “afterglow”
ever detected (Costa et al., [1997). A fading optical transient has been iden-
tified in a position consistent with the X-ray transient (van Paradijs et al.,
1997), coincident with a faint galaxy with redshift z = 0.695 (Bloom et al.,
2001). Further observations by the Hubble Space Telescope clearly showed
that the optical counterpart was located in the outskirts of a late-type galaxy
with an irregular morphology (Sahu et al., 1997).

The BeppoSAX observations of GRB 970228 prompt emission revealed a
discontinuity in the spectral index between the end of the first pulse and the
beginning of the three additional ones (Costa et al.|,[1997; Frontera et al., 1998,
2000). The spectrum during the first 3 s of the second pulse is significantly
harder than during the last part of the first pulse (Frontera et al., 1998, 2000),
while the spectrum of the last three pulses appear to be consistent with the
late X-ray afterglow (Frontera et al.,[1998,2000). This was soon recognized by
Frontera et al.| (1998, 2000) as pointing to an emission mechanism producing
the X-ray afterglow already taking place after the first pulse.

As shown in sec. the simultaneous occurrence of an afterglow with
total time-integrated luminosity larger than the P-GRB one, but with a smaller
peak luminosity, is indeed explainable in terms of a peculiarly small average
value of the CBM density and not due to the intrinsic nature of the source.
In this sense, GRBs belonging to this class are only “fake” short GRBs. We
show that GRB 970228 is a very clear example of this situation. We identify
the initial spikelike emission with the P-GRB, and the late soft bump with the
peak of the afterglow. GRB 970228 shares the same morphology and obser-
vational features with the sources analyzed by Norris and Bonnell (2006) as
well as with e.g. GRB 050709 (Villasenor et al., 2005), GRB 050724 (Campana
et al., 2006b) and GRB 060614 (see appendix and (Gehrels et al., [2006).
Therefore, we propose GRB 970228 as a prototype for this new GRB class.
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A.12.1 The analysis of GRB 970228 prompt
emission

In Fig. we present the theoretical fit of BeppoSAX GRBM (40-700 keV)
and WEFC (2-26 keV) light curves of GRB 970228 prompt emission (Frontera
et al.,1998). Within our “canonical GRB” scenario we identify the first main
pulse with the P-GRB and the three additional pulses with the afterglow peak
emission, consistently with the above mentioned observations by |Costa et al.
(1997) and Frontera et al.| (1998). Such last three pulses have been reproduced
assuming three overdense spherical CBM regions (see Fig. with a very

good agreement (see Fig.[A.12.1).

We therefore obtain for the two parameters characterizing the source in our
model E%' = 1.45 x 10°* erg and B = 5.0 x 10~2. This implies an initial e*
plasma created between the radii r; = 3.52 x 107 cm and rp = 4.87 x 10% cm
with a total number of e* pairs N, = 1.6 x 10> and an initial temperature
T = 1.7 MeV. The theoretically estimated total isotropic energy emitted in
the P-GRB is Ep_grp = 1.1%E!Y! = 1.54 x 102 erg, in excellent agreement

with the one observed in the first main pulse (E%* crp ~ 1.5 x 10°% ergin2 —
700 keV energy band, see Fig.[A.12.1)), as expected due to their identification.
After the transparency point at rp = 4.37 x 104 cm from the progenitor, the
initial Lorentz gamma factor of the fireshell is g = 199. On average, during
the afterglow peak emission phase we have for the CBM (R) = 1.5 x 1077
and (ng,,) = 9.5 x 10~* particles/cm?. This very low average value for the
CBM density is compatible with the observed occurrence of GRB 970228 in
its host galaxy’s halo (Sahu et al., 1997; van Paradijs et al.,1997; Panaitescu,
2006) and it is crucial in explaining the light curve behavior.

The values of E!% and B we determined are univocally fixed by two tight
constraints. The first one is the total energy emitted by the source all the way
up to the latest afterglow phases (i.e. up to ~ 10° s). The second one is the
ratio between the total time-integrated luminosity of the P-GRB and the cor-
responding one of the whole afterglow (i.e. up to ~ 10° s). In particular, in
GRB 970228 such a ratio results to be ~ 1.1% (see Fig. [A.2.8). However, the
P-GRB peak luminosity actually results to be much more intense than the af-
terglow one (see Fig.[A.12.T). This is due to the very low average value of
the CBM density (ng,) = 9.5 x 10~* particles/cm3, which produces a less
intense afterglow emission. Since the afterglow total time-integrated lumi-
nosity is fixed, such a less intense emission lasts longer than what we would
expect for an average density (11.,,) ~ 1 particles/cm3.
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Figure A.12.1: The “canonical GRB” light curve theoretically computed for
the prompt emission of GRB 970228. BeppoSAX GRBM (40-700 keV, above)
and WFC (2-26 keV, below) light curves (data points) are compared with
the afterglow peak theoretical ones (solid lines). The onset of the afterglow
coincides with the end of the P-GRB (represented qualitatively by the dot-
ted lines). For this source we have B ~ 5.0 x 1072 and (ng,,) ~ 1072

particles/cm?3.
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Figure A.12.2: The CBM density profile we assumed to reproduce the last
three pulses of the GRB 970228 prompt emission (red line), together with its
average value (11,,) = 9.5 x 10~% particles/cm? (green line).

A.12.2 Rescaling the CBM density

We present now an explicit example in order to probe the crucial role of the
average CBM density in explaining the relative intensities of the P-GRB and
of the afterglow peak in GRB 970228. We keep fixed the basic parameters of
the source, namely the total energy E'% and the baryon loading B, therefore
keeping fixed the P-GRB and the afterglow total time-integrated luminosi-
ties. Then we rescale the CBM density profile given in Fig. [A.12.2]by a con-
stant numerical factor in order to raise its average value to the standard one
(nism) = 1 particle/cm3. We then compute the corresponding light curve,
shown in Fig.

We notice a clear enhancement of the afterglow peak luminosity with re-
spect to the P-GRB one in comparison with the fit of the observational data
presented in Fig. The two light curves actually crosses at t¢ ~ 1.8 x
10* s since their total time-integrated luminosities must be the same. The
GRB “rescaled” to (n;s,) = 1 particle/cm? appears to be totally similar to,
e.g., GRB 050315 (Ruffini et al., 2006b) and GRB 991216 (Ruffini et al., 2003,
2004b), 2005a).

It is appropriate to emphasize that, although the two underlying CBM den-
sity profiles differ by a constant numerical factor, the two afterglow light
curves in Fig. do not. This is because the absolute value of the CBM
density at each point affects in a non-linear way all the following evolution of
the fireshell due to the feedback on its dynamics (Bianco and Ruffini, |2005a).
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Figure A.12.3: The theoretical fit of the BeppoSAX GRBM observations (red
line, see Fig. is compared with the afterglow light curve in the 40—
700 keV energy band obtained rescaling the CBM density to (ng,,) = 1
particle/cm? keeping constant its shape and the values of the fundamental
parameters of the theory E'% and B (black line). The P-GRB duration and
luminosity (blue line), depending only on E'Y and B, are not affected by this
process of rescaling the CBM density.
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Moreover, the shape of the surfaces of equal arrival time of the photons at
the detector (EQTS) is strongly elongated along the line of sight (Bianco and
Ruffini, 2005b). Therefore photons coming from the same CBM density re-
gion are observed over a very long arrival time interval.

A.12.3 GRB 970228 and the Amati relation

We turn now to the “Amati relation” (Amati et al., 2002;|Amati, 2006) between
the isotropic equivalent energy emitted in the prompt emission Ej;, and the
peak energy of the corresponding time-integrated spectrum E, ; in the source
rest frame. It has been shown by |Amati et al.|(2002); Amati (2006) that this
correlation holds for almost all the “long” GRBs which have a redshift and an
E,; measured, but not for the ones classified as “short” (Amati, 2006). If we
focus on the “fake” short GRBs, namely the GRBs belonging to this new class,
at least in one case (GRB 050724 (Campana et al., 2006b) it has been shown
that the correlation is recovered if also the extended emission is considered
(Amati, [2007).

It clearly follows from our treatment that for the “canonical GRBs” with
large values of the baryon loading and high (#.,,), which presumably are
most of the GRBs for which the correlation holds, the leading contribution to
the prompt emission is the afterglow peak emission. The case of the “fake”
short GRBs is completely different: it is crucial to consider separately the two
components since the P-GRB contribution to the prompt emission in this case
is significant.

To test this scenario, we evaluated from our fit of GRB 970228 E;;, and
E,; only for the afterglow peak emission component, i.e. from th = 37sto

t4 = 81.6 s. We found an isotropic energy emitted in the 2-400 keV energy
band Ej;, = 1.5 x 10°2 erg, and E,; = 90.3 keV. As it is clearly shown in Fig.
the sole afterglow component of GRB 970228 prompt emission is in
perfect agreement with the Amati relation. If this behavior is confirmed for
other GRBs belonging to this new class, this will enforce our identification
of the “fake” short GRBs. This result will also provide a theoretical explana-
tion for the the apparent absence of such correlation for the initial spikelike
component in the different nature of the P-GRB.

A.12.4 Conclusions

We conclude that GRB 970228 is a “canonical GRB” with a large value of
the baryon loading quite near to the maximum B ~ 1072 (see Fig. .
The difference with e.g. GRB 050315 (Rutftini et al., 2006b) or GRB 991216
(Ruffini et al., 2003, 2004b, 2005a) is the low average value of the CBM den-
sity (nepm) ~ 1072 particles/cm3 which deflates the afterglow peak lumi-
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Figure A.12.4: The estimated values for E, ; and E;,, obtained by our analysis
(black dot) compared with the “Amati relation” (Amati et al., 2002): the solid
line is the best fitting power law (Amati, 2006) and the dashed lines delimit
the region corresponding to a vertical logarithmic deviation of 0.4 (Amati,
2006). The uncertainty in the theoretical estimated value for E,; has been

assumed conservatively as 20%.
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nosity. Hence, the predominance of the P-GRB, coincident with the initial
spikelike emission, over the afterglow is just apparent: 98.9% of the total
time-integrated luminosity is indeed in the afterglow component. Such a low
average CBM density is consistent with the occurrence of GRB 970228 in the
galactic halo of its host galaxy (Sahu et al., 1997; van Paradijs et al., [1997),
where lower CBM densities have to be expected (Panaitescul, 2006).

We propose GRB 970228 as the prototype for the new class of GRBs com-
prising GRB 060614 and the GRBs analyzed by Norris and Bonnell (2006).
We naturally explain the hardness and the absence of spectral lag in the ini-
tial spikelike emission with the physics of the P-GRB originating from the
gravitational collapse leading to the black hole formation. The hard-to-soft
behavior in the afterglow is also naturally explained by the physics of the rel-
ativistic fireshell interacting with the CBM, clearly evidenced in GRB 031203
(Bernardini et al., 2005a) and in GRB 050315 (Ruffini et al., 2006b). Also justi-
tied is the applicability of the Amati relation to the sole afterglow component
(see|Amati, 2006, [2007)).

This class of GRBs with z ~ 0.4 appears to be nearer than the other GRBs
detected by Swift (z ~ 2.3, see |Guetta, 2006). This may be explained by the
afterglow peak luminosity deflation. The absence of a jet break in those af-
terglows has been pointed out (Campana et al., 2006b} Watson et al., 2006a),
consistently with our spherically symmetric approach. Their association with
non-star-forming host galaxies appears to be consistent with the merging of
a compact object binary (Barthelmy et al., 2005b; Fox et al., 2005). It is here
appropriate, however, to caution on this conclusion, since the association of
GRB 060614 and GRB 970228 with the explosion of massive stars is not ex-
cluded (Della Valle et al., 2006 GGalama et al., 2000).

Most of the sources of this class appear indeed not to be related to bright
“Hypernovae”, to be in the outskirts of their host galaxies (Fox et al., 2005,
see above) and a consistent fraction of them are in galaxy clusters with CBM
densities (11op,,) ~ 1073 particles/ cm? (see e.g. Lewis et al.,|2003; Berger et al.,
2007). This suggests a spiraling out binary nature of their progenitor systems
(Kramer, in press) made of neutron stars and/or white dwarfs leading to a
black hole formation.

Moreover, we verified the applicability of the Amati relation to the sole
afterglow component in GRB 970228 prompt emission, in analogy with what
happens for some of the GRBs belonging to this new class. In fact it has been
shown by Amati (2006, 2007) that the “fake” short GRBs do not fulfill the E, ;-
Eis, correlation when the sole spiklike emission is considered, while they do
if the long soft bump is included. Since the spikelike emission and the soft
bump contributions are comparable, it is natural to expect that the soft bump
alone will fulfill the correlation as well.

Within our “canonical GRB” scenario the sharp distinction between the P-
GRB and the afterglow provide a natural explanation for the observational
features of the two contributions. We naturally explain the hardness and the
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absence of spectral lag in the initial spikelike emission with the physics of the
P-GRB originating from the gravitational collapse leading to the black hole
formation. The hard-to-soft behavior in the afterglow is also naturally ex-
plained by the physics of the relativistic fireshell interacting with the CBM,
clearly evidenced in GRB 031203 (Bernardini et al., 2005a) and in GRB 050315
(Ruffini et al., 2006b). Therefore, we expect naturally that the E, /—E;s, correla-
tion holds only for the afterglow component and not for the P-GRB. Actually
we find that the correlation is recovered for the afterglow peak emission of
GRB 970228.

In the original work by |Amati et al.| (2002); /Amati (2006) only the prompt
emission is considered and not the late afterglow one. In our theoretical ap-
proach the afterglow peak emission contributes to the prompt emission and
continues up to the latest GRB emission. Hence, the meaningful procedure
within our model to recover the Amati relation is to look at a correlation be-
tween the total isotropic energy and the peak of the time-integrated spectrum
of the whole afterglow. A first attempt to obtain such a correlation has already
been performed using GRB 050315 as a template, giving very satisfactory re-
sults (see section [H.5)).
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