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ABSTRACT

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

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

1. Introduction

After the discovery of the gamma-ray bursts (GRBs) by the
Vela satellites (Klebesadel et al. 1973; Strong & Klebesadel
1974; Strong et al. 1974; Strong 1975), the first systematic anal-
ysis on a large sample of GRBs was possible thanks to the
observations of the BATSE instrument on board the Compton
Gamma-Ray Observer (CGRO) satellite (Meegan et al. 1992).
The 4BATSE catalog (Meegan 1997; Paciesas et al. 1999;
Kaneko et al. 2006) consists of 2704 confirmed GRBs, and it
is widely used by the science community as a reference for
spectral and timing analyses on GRBs. One of the outcomes of
this early analysis of GRBs led to the classification of GRBs
as a function of their observed time duration. T90 was defined
as the time interval over which the 90% of the total BATSE
background-subtracted counts are observed. The distribution of

the T90 duration was bi-modal: the GRBs with T90 less than 2 s
were classified as “short” while those with T90 longer than 2 s
were classified as “long” (Klebesadel 1992; Dezalay et al. 1992;
Kouveliotou et al. 1993; Tavani 1998).

After the success of BATSE, a very many of space missions
dedicated to GRB observations were launched. Particularly sig-
nificant was the discovery of an additional prolonged soft X-ray
emission by Beppo-SAX (Costa et al. 1997), following the usual
hard X-ray emission observed by BATSE. The Beppo-SAX ob-
served emission was named “afterglow”, while the BATSE one
was called “prompt” radiation. The afterglow allowed pinpoint-
ing the GRB position in the sky more accurately and permitted
identifying its optical counterpart by space- and ground-based
telescopes. The measurement of the cosmological redshift for
GRBs became possible and their cosmological nature was firmly
established (van Paradijs et al. 1997).
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The Beppo-SAX and related results enabled ruling out liter-
ally hundreds of theoretical models of GRBs (see for a review
Ruffini 2001). Among the handful of surviving models was the
one by Damour & Ruffini (1975), which is based on the mass-
energy formula of black holes. This model can naturally explain
the energetics up to 1054−55 erg, as requested by the cosmological
nature of GRBs, through the creation of an e+e−-plasma by vac-
uum polarization processes in the Kerr-Newman geometry (for a
recent review see Ruffini et al. 2010b). This model was proposed
a few months after the presentation of the discovery of GRBs by
Strong (Strong 1975) at the AAAS meeting in San Francisco.

It soon became clear that, as suggested by Goodman and
Paczynski (Goodman 1986; Paczynski 1986), a Lorentz gamma
factor larger than 100 could overcome the problem of opacity of
the e+e−-plasma and justify the γ-ray emission of GRBs at cos-
mological distances (see e.g. Piran 2005). That the dynamics of
an e+e−-plasma with a baryon load with mass MB would natu-
rally lead to Lorentz gamma factor in the range (102–103) was
demonstrated by Shemi & Piran (1990), Piran et al. (1993) and
Meszaros et al. (1993). The general solution for a baryon load
B = MBc2/Ee+e−

tot between 0 and 10−2 was obtained in Ruffini
et al. (2000). The interaction between the accelerated baryons
with the CBM, indicated by Meszaros & Rees (1993), was advo-
cated to explain the nature of the afterglow (see e.g. Piran 1999,
and references therein).

The unprecedented existence of such large Lorentz gamma
factors led to the relativistic space-time transformations
paradigm for GRBs (Ruffini et al. 2001b). This paradigm made
it a necessity to have a global, instead of a piecewise, descrip-
tion of the GRB phenomenon (Ruffini et al. 2001b). This global
description led to the conclusion that the emission by the ac-
celerated baryons interacting with the CBM indeed occurs al-
ready in the prompt emission phase in a fully radiative regime.
A new interpretation of the burst structure paradigm was then
introduced (Ruffini et al. 2001a): the existence of a characteris-
tic emission at the transparency of an e+e−-plasma, the proper-
GRB, followed by an extended-afterglow emission. The relative
intensity of these two components is a function of the baryon
load. It was proposed that B < 10−5 corresponds to the short
GRBs, while B > 3 × 10−4 corresponds to the long GRBs.

This different parametrization of the prompt – afterglow ver-
sus that of the P-GRB – extended-afterglow could have orig-
inated years of academic discussions. However, a clear-cut ob-
servational evidence came from the Swift satellite, in favor of the
second parametrization. The Norris-Bonnell sources, character-
ized by an initial short spike-like emission in the hard X-rays fol-
lowed by a softer extended emission, had been indicated in the
literature as short bursts. There is clear evidence that they belong
to a new class of “disguised” short GRB (Bernardini et al. 2007;
Caito et al. 2009, 2010; de Barros et al. 2011), where the initial
spike is identified as the P-GRB while the prolonged soft emis-
sion occurring from the extended-afterglow emission in a CBM
typically of the galatic halo. These sources have a baryon load
10−4 < B < 7 × 10−4: they are just long GRBs exploding in a
particularly low-density CBM of the order of 10−3 particles/cm3.
This class of sources has given the first evidence of GRBs orig-
inating from binary mergers, which is also strongly supported
from direct optical observations (Bloom et al. 2006; Fong et al.
2010).

It is interesting that independent of the development of new
missions, the BATSE data continue to attract full scientific inter-
ests, even after the end of the mission in the 2000. Important
inferences, based on the BATSE data, on the spectra of the
early emission of the GRB have been made by Ryde (2004) and

Ryde et al. (2006). These authors have convincingly demon-
strated that the spectral feature composed of a blackbody and
a power-law plays an important role in selected episodes in the
early part of the GRB emission (see also Zhang et al. 2011 for
further comments on the origin of this blackbody and power-law
behavior). They have also shown, in some cases, a power-law
variation of the thermal component as a function of time, fol-
lowing a broken power-law behavior, see Fig. 17.

The arrival of the Fermi and other satellites allowed fur-
ther progresses in the understanding of the GRB phenomenon
in a much wider energy range. Thanks to the Gamma-Ray
Burst Monitor (GBM) (Meegan et al. 2009) and the Large
Area Telescope (LAT) (Atwood et al. 2009), additional data are
obtained in the 8 keV–40 MeV and 100 MeV–300 GeV en-
ergy range. This allowed, among others, this first evidence of
a GRB originating from the collapse of a core in the late evo-
lution of a massive star, which we called the proto black hole
(Ruffini 2011; Penacchioni et al. 2012).

In the specific case of GRB 090618, it has been possi-
ble to obtain a complete temporal coverage of the emission
in gamma and X-rays, thanks to the joint observations by the
Swift, Fermi, AGILE, RT-2/Coronas-PHOTON, Konus-WIND,
and Suzaku-WAM telescopes. A full coverage in the optical
bands, up to 100 days from the burst trigger, has been obtained.
This has allowed determining the redshift, z = 0.54, of the source
from spectroscopical identification of absorption lines (Cenko
et al. 2009) and a recent claim of a possible supernova emission
∼10 days after the GRB trigger. This GRB lasts for ∼150 s in
hard X-rays, and it is characterized by four prominent pulses.
In the soft X-rays there are observations up to 30 days from the
burst trigger.

We have pointed out in Ruffini et al. (2010a) that two differ-
ent episodes are present in GRB 090618. We have also showed
that while the second episode may fit a canonical GRB, the first
episode is not expected to be either a part of a GRB or an inde-
pendent GRB (Ruffini et al. 2011).

In the present paper we discuss the nature of these two
episodes. In particular:

– in Sect. 2, we describe the observations, data reduction and
analysis. We obtain the Fermi GBM (8 keV–1 MeV and
260 keV–40 MeV) flux light curves, shown in Fig. 2, follow-
ing the standard data reduction procedure, and make a de-
tailed spectral analysis of the main emission features, using
a Band model and a power-law with exponential high-energy
cut-off spectral models;

– in Sect. 3, after discussing about the most often quoted
GRB model, the fireball, we recall the main features of the
fireshell scenario, focusing on the reaching of transparency
at the end of the initial optically thick phase, with the emis-
sion of the proper-GRB (P-GRB). In Fig. 3 we give the the-
oretical evolution of the Lorentz Γ factor as a function of the
radius for selected values of the baryon load, corresponding
to fixed values of the total energy Ee+e−

tot . The identification
of the P-GRB is crucial in determining the main fireshell
parameters, which describe the canonical GRB emission.
The P-GRB emission is indeed characterized by the tem-
perature, the radius, and the Lorentz Γ factor at the trans-
parency, which are related with the Ee+e−

tot energy and the
baryon load, see Fig. 4. We then recall the theoretical treat-
ment, the simulation of the light curve and spectrum of
the extended-afterglow and, in particular, the determination
of the equations of motion, the role of the EQuiTemporal
Surfaces (EQTS) (Bianco & Ruffini 2004, 2005a), as well as



the ansatz of the spectral energy distribution in the fireshell
comoving frame, (see Patricelli et al. 2011, and references
therein).
The temporal variability of a GRB light curve has been in-
terpreted in some current models as caused by internal shock
(Rees & Meszaros 1994). In the fireshell model this tempo-
ral variability is instead produced by the interaction of the
ultra-relativistic baryons colliding with the inhomogeneities
of the circumburst medium (CBM). This allows one to per-
form a tomography of the CBM medium around the location
of the black hole formation, see Fig. 10, gaining important
information on its structure. These collisions are described
by three parameters: the nCBM average density, the filling fac-
tor R, the clumpiness on scales of 1015−16 cm, and average
density contrast 10−1 � 〈δn/n〉 � 10. We then refer also to
the explanation of the observed hard-to-soft behavior due to
the drop of the Lorentz Γ factor and the curvature effect of the
EQTS. We then recall the determination of the instantaneous
spectra and the simulations of the observed multi-band light
curves in the chosen time interval, taking into account all
the thousands of convolutions of comoving spectra over each
EQTS leading to the observed spectrum. We also emphasize
that these simulations have to be performed together and that
they need to be optimized;

– in Sect. 4, we perform a spectral analysis of GRB 090618.
We divided the total GRB emission into six time intervals,
see Table 1, each one identifying a significant feature in the
emission process, see also Rao et al. (2011). We considered
two different spectral models in the data fitting procedure: a
Band model (Band et al. 1993) and one by a blackbody plus a
power-law component, following e.g. Ryde (2004). We find
that the first 50 s of emission are well-fitted by both models,
equally the following 9 s, from 50 to 59 s. The remaining
part, from 59 to 151 s, is fitted satisfactorily only with the
Band model, see Table 1;

– in Sect. 5, we proceed to the analysis of GRB 090618 in the
fireshell scenario; In Sect. 5.1, we attempt our first interpre-
tation of GRB 090618 assuming it to be a single GRB. We
recall that the blackbody is an expected feature in the the-
ory of P-GRB. From the spectral analysis of the first 50 s,
we find a spectral distribution consistent with a blackbody
plus a power-law component. We first attempted a fit of the
source identifying these first 50 s as the P-GRB, see Fig. 6.
We confirm the conclusion reached in Ruffini et al. (2010a)
that this interpretation is not sustainable for three different
reasons, based on 1) the energetics of the source; 2) the time
duration; and 3) the theoretical expected temperature for the
P-GRB. We then proceed, in Sect. 5.2, to an interpretation
of GRB 090618 as a multi-component system, following the
procedure outlined in Ruffini et al. (2011), in which we out-
lined the possibility that the second episode between 50 and
151 s is an independent GRB.
We identify the P-GRB of this second episode as the first 4 s
of emission. We find that the spectrum in this initial emis-
sion can be fitted by a blackbody plus a power-law com-
ponent, see Fig. 8. Since this extra power-law component
can be generated by to the early onset of the extended after-
glow, we took this into account to perform a fireshell sim-
ulation, which is shown in Fig. 8, with an energy Ee+e−

tot =

2.49 × 1053 erg and a baryon load B = 1.98 ± 0.15 × 10−3.
In Figs. 10–12 we report the results of our simulations, sum-
marized in Table 3. We notice, in particular, the presence of
a strong time lag in this GRB. A detailed analysis, see Rao
et al. (2011), of the time lags in the mean energy ranges of

35 keV, 68 keV and 125 keV, reports quite a long lag, ∼7 s,
in the first 50 s of the emission, which is unusual for GRBs,
while in the following emission, from 51 to 151 s, the ob-
served lags are quite normal, ∼1 s;

– in Sect. 6, we perform a spectral analysis of the first 50 s,
where we find a strong spectral variation with time, as re-
ported in Table 5 and in Figs. 16, 17, with a chacteristic
power-law time variation similar to those identified by Ryde
& Pe’er (2009) in a sample of 49 BATSE GRBs;

– in Sect. 7, we estimate the variability of the radius emitter,
Fig. 18, and proceed to an estimate of the early expansion
velocity. We interpret these data as originating in the expan-
sion process occurring previous to the collapse of the core
of a massive star to a black hole, see e.g. Arnett & Meakin
(2011): these early 50 s of the emission are then defined as
the proto-black hole phenomenon;

– In Sect. 8 we conclude.

2. Observations

On 18 June 2009, the Burst Alert Telescope (BAT) on board
the Swift satellite (Gehrels et al. 2009) observed GRB 090618
(Schady et al. 2009). After 120 s the X-Ray Telescope (XRT)
(Burrows et al. 2005) and the UltraViolet Optical Telescope
(UVOT) (Roming et al. 2005) on board the same satellite started
the observations of the afterglow of GRB 090618. UVOT found
a very bright optical counterpart, with a white filter magnitude
of 14.27 ± 0.01 (Schady 2009) not corrected for the extinc-
tion, at the coordinates RA(J2000) = 19:35:58.69 = 293.99456,
Dec(J2000) = +78:21:24.3 = 78.35676. The BAT light curve
shows a multi-peak structure, whose total estimated duration
is ∼320 s, whose T90 duration in the (15–350) keV range was
113 s (Baumgartner et al. 2009). The first 50 s of the light curve
present a smooth decay trend, followed by a spiky emission,
with three prominent peaks at 62, 80, and 112 s after the trigger
time, respectively, and each have the typical appearance of the
FRED pulse (see e.g. Fishman et al. 1994), see Fig. 2. The time-
integrated spectrum, (t0 − 4.4, t0 + 213.6) s in the (15−150) keV
range, was found to agree with a power-law spectral model with
an exponential cut-off, whose photon index was γ = 1.42± 0.08
and a cut-off energy Epeak = 134 ± 19 keV (Sakamoto et al.
2009). The XRT observations started 125 s after the BAT trig-
ger time and lasted ∼25.6 ks (Beardmore & Schady 2009) and
reported an initially bright uncataloged source, identified as the
afterglow of GRB 090618. Its early decay was very steep, ending
at 310 s after the trigger time, when it starts a shallower phase,
the plateau. Then the light curve breaks into a more steep last
phase.

GRB 090618 was observed also by the Gamma-ray Burst
Monitor (GBM) on board the Fermi satellite (Meegan et al.
2009). From a first analysis, the time-integrated spectrum, (t0,
t0 + 140) s in the (8–1000) keV range, was fitted by a Band
(Band et al. 1993) spectral model, with a peak energy Epeak =
155.5 keV, α = −1.26 and β = −2.50 (McBreen 2009), but with
strong spectral variations within the considered time interval.

It is appropriate to compare and contrast the considerations
of the time-integrated spectral analysis, often adopted in the cur-
rent literature of GRBs, with the information from the time-
resolved spectral analysis, as presented e.g. in this article (see
also Zhang et al. 2011). For a traditional astrophysical source,
steady during the observation time, the time-integrated and time-
resolved spectral analysis usually coincide. In the case of GRBs,
although the duration is only a few seconds, each instantaneous
observation corresponds to a very different physical process and



the two approaches have an extremely different physical and
astrophysical content.

The redshift of the source is z = 0.54 and it was deter-
mined thanks to the identification of the MgII, Mg I, and FeII
absorption lines, using the KAST spectrograph mounted at the
3-m Shane telescope at the Lick observatory (Cenko et al. 2009).
Given the redshift and the distance of the source, we computed
the emitted isotropic energy in the 8−10 000 keV energy range,
with the Schaefer formula (Schaefer 2007): using the fluence in
the (8–1000 keV) as observed by Fermi-GBM, S obs = 2.7×10−4

(McBreen 2009), and the ΛCDM cosmological standard model
H0 = 70 km s−1 Mpc−1, Ωm = 0.27, ΩΛ = 0.73, we obtain for
the emitted isotropic energy the value of Eiso = 2.90 × 1053 erg.

This GRB was observed also by Konus-WIND (Golenetskii
et al. 2009), Suzaku-WAM (Kono et al. 2009), and by the AGILE
satellite (Longo et al. 2009), which detected emission in the
(18–60) keV and in the MCAL instrument, operating at energies
greater than 350 keV, but it did not observe high-energy pho-
tons above 30 MeV. GRB 090618 was the first GRB observed
by the Indian payloads RT-2 on board the Russian Satellite
CORONAS-PHOTON (Kotov et al. 2008; Nandi et al. 2009;
Rao et al. 2011). Two detectors, namely, RT-2/S and RT-2/G,
consist of NaI(Tl)/CsI(Na) scintillators in phoswich assembly
viewed by a photomultiplier tube (PMT). RT-2/S has a view-
ing angle of 4◦ × 4◦ and covers an energy range of 15 keV
to 1 MeV, whereas RT-2/G has an Al filter that sets the lower
energy to ∼20 keV. The mission was launched from Plesetsk
Cosmodrom, Russia on 30 January 2009. During the event the
RT-2 payload was in the SHADOW mode (away from the Sun)
during 08:16:10.207UT and ended at 08:37:35.465 UT and the
GRB 090618 was detected at 77◦ off-axis angle. During this pe-
riod, the spectrum was accumulated every 100 s, while the eight
channel count rates for each detector were accumulated every
second. The entire episode was observed for a duration of more
than 200 s. A closer examination of the data in the accumulated
channels 1:15–102 keV, 2:95–250 keV and 3:250–1000 keV in-
dicates that the most significant counts is in channel 2 with a
clear evidence of the following: (a) the emission in the first 50 s
is prominent and broader in the lower channels, see Fig. 1 (b)
after the first 50 s, there is evidence of a precursor of about 6 s
duration before the main pulse (c) a break up into two peaks of
the main pulse at intermediate energies (35–200 keV), while at
higher energies (250–1000 keV) only the first peak of the main
pulse survives, see Rao et al. (2011) and also Fig. 2 here.

Thanks to the complete data coverage of the optical after-
glow of GRB 090618, the possible presence of a supernova
underlying the emission of the GRB 090618 optical afterglow
(Cano et al. 2011) was reported. The evidence of a supernova
emission came from the presence of several bumps in the light
curve and by the change in Rc − i color index over time: in the
early phases, the blue color is dominant, typical of the GRB af-
terglow, but then the color index increases, suggesting a core-
collapse SN. At late times, the contribution from the host galaxy
was dominant.

2.1. Data analysis

We considered the BAT and XRT data of the Swift satel-
lite together with the Fermi-GBM and RT2 data of the
Coronas-PHOTON satellite. The data reduction was made with
the Heasoft v6.10 packages1 for BAT and XRT, and the
Fermi-Science tools for GBM.
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Fig. 1. RT2 light curves of GRB 090618.

We obtained the BAT light curve and spectra using the stan-
dard headas procedure. After the data download from the gsfc
website2, we made a detector quality map and corrected the
event data for the known errors of the detector and the hot pixels.
We subtracted the background from the data, corrected for the
improved position, using the tool batmaskwtevt and obtained
the 1-s binned light curves and spectra in the main BAT energy
band 15–150 keV and its subranges, using the tool batbinevt.
After the systematic corrections to the spectrum, we created the
response matrices and obtained the final spectra.

For the XRT data, we obtained a total dataset using the
standard pipeline, while for a time-resolved analysis we con-
sidered the on-line recipe, which is well described in literature,
see Evans et al. (2007, 2009). The GBM data3, in particular the
fourth NaI detector in the (8–440 keV) and the b0 BGO detec-
tor (260 keV–40 MeV), were analyzed using the gtbindef tool
to obtain a GTI file for the energy distribution and the gtbin
for the light curves and final spectra. To obtain an energy flux
lightcurve, we made a time-resolved spectral analysis dividing
the count lightcurve into six time intervals, each of them cor-
responding to a particular pulse, as described in the work of
Rao et al. (2011). All time-resolved spectra were fitted using the
XSPEC data analysis software (Arnaud 1996) version 12.6.0q,
included in the Heasoft data package, and considering for each
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Fig. 2. Fermi-GBM flux light curve of GRB 090618 referring to the NaI
(8–440 keV, upper panel) and BGO (260 keV–40 MeV, lower panel)
detectors.

spectrum a classical Band spectral model (Band et al. 1993) and
a power-law model with an exponential energy cut-off, folded
through the detector response matrix. After subtracting the back-
ground, we fitted the spectrum by minimizing the χ2 between
the spectral models described above and the observed data, ob-
taining the best-fit spectral parameters and the respective model
normalization. In Table 1 we give the results of our spectral anal-
ysis. The time reported in the first column corresponds to the
time after the GBM trigger time ttrig = 267 006 508s, where the
β parameter was not constrained, we used its averaged value, as
delineated in Guetta et al. (2011) β = −2.3±0.10. We considered
the chi-square statistic for testing our data fitting procedure. The
reduced chi-square χ̃2 = χ2/N, where N is the number of de-
grees of freedom (d.o.f.), which is N = 82 for the NaI dataset
and N = 121 for that of BGO.

For the last pulse of the second episode, the Band model is
not very precise (χ̃2 = 2.24), but a slightly better approximation
is given by the power-law with an exponential cut-off, whose fit
results are shown for the same intervals in the last two columns.
From these values, we built the flux light curves for both detec-
tors, which are shown in Fig. 2.

We turn now to the XRT, which started to observe
GRB 090618 ∼ 120 s after the BAT trigger. Its early data show
a continued activity of the prompt emission, fading away ∼200 s
after the BAT trigger time. Then the light curve is well approxi-
mated with a power-law decay. In view of the lack of soft X-ray

data before the onset of the XRT, we cannot exclude a previous
pulse in the X-ray light curve emission of GRB 090618. The fol-
lowing shallow and late decay phases, well-known in literature
(Sari et al. 1999; Nousek et al. 2006), will not be analyzed in this
paper since we focus on the first 200 s of the GRB emission.

3. A brief review of the fireshell and alternative
models

3.1. The GRB prompt emission in the fireball scenario

A variety of models have been developed to theoretically explain
the observational properties of GRBs. One of the most quoted
is the fireball model (see for a review Piran 2005). The model
was first proposed by Cavallo & Rees (1978), Goodman (1986)
and Paczynski (1986), who have shown that the sudden release
of a large quantity of energy in a compact region can lead to
an optically thick photon-lepton plasma and to the production
of e+e− pairs. The total annihilation of the e+e− plasma was as-
sumed, leading to a vast release of energy pushing on the CBM:
the “fireball”.

An alternative approach, originating in the gravitational col-
lapse to a black hole, is the fireshell model (see for a review
Ruffini et al. 2010b; Ruffini 2011). There the GRBs originate
from an optically thick electron–positron plasma in thermal
equilibrium, with a total energy of Ee±

tot. This plasma is initially
confined between the radius of a black hole rh and the dyado-
sphere radius

rds = rh

⎡⎢⎢⎢⎢⎢⎣2αEe+e−
tot

mec2

(
�/mec

rh

)3⎤⎥⎥⎥⎥⎥⎦
1/4

, (1)

where α is the usual fine structure constant, � and c the Planck
constant and the speed of light, and me the mass of the electron.
The lower limit of Ee±

tot coincides with Eiso. The condition of ther-
mal equilibrium assumed in this model as shown by Aksenov
et al. (2007), differentiates this approach from the alternative
ones (e.g. the one by Cavallo & Rees 1978), see Sect. 3.2.

In the fireball model, the prompt emission, including the
sharp luminosity variations (Ramirez-Ruiz & Fenimore 2000)
are caused by the prolonged and variable activity of the “inner
engine” (Rees & Meszaros 1994; Piran 2005). The conversion
of the fireball energy to radiation originates in shocks, either
internal (when faster moving matter takes over a slower mov-
ing shell, Rees & Meszaros see 1994) or external (when the
moving matter is slowed down by the external medium sur-
rounding the burst, see Rees & Meszaros 1992). Much atten-
tion has been given to the synchrotron emission from relativis-
tic electrons, possibly accompanied by SSC emission to explain
the observed GRB spectrum. These processes were found to be
consistent with the observational data of many GRBs (Tavani
1996; Frontera et al. 2000). However, several limitations have
been reported in relation with the low-energy spectral slopes of
time-integrated spectra (Crider et al. 1997; Preece et al. 2002;
Ghirlanda et al. 2002, 2003; Daigne et al. 2009) and time-
resolved spectra (Ghirlanda et al. 2003). Additional limitations
on SSC have also been pointed out by Kumar & McMahon
(2008a) and Piran et al. (2009).

The latest phases of the afterglow are described in the fire-
ball model by assuming an equation of motion given by the
Blandford-McKee self-similar power-law solution (Blandford
& McKee 1976). The maximum Lorentz factor of the fireball
is estimated from the temporal occurrence of the peak of the
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Table 1. Time-resolved spectral analysis of GRB 090618.

Time interval α β EBAND
0 (keV) χ̃2

BAND γ Ecut
0 (keV) χ̃2

cut

0–50 –0.77+0.38
−0.28 –2.33+0.33

−0.28 128.12+109.4
−56.2 1.11 0.91+0.18

−0.21 180.9+93.1
−54.2 1.13

50–57 –0.93+0.48
−0.37 –2.30 ± 0.10 104.98+142.3

−51.7 1.22 1.11+0.25
−0.30 168.3+158.6

−70.2 1.22

57–68 –0.93+0.09
−0.08 –2.43+0.21

−0.67 264.0+75.8
−54.4 1.85 1.01+0.06

−0.06 340.5+56.0
−45.4 1.93

68–76 –1.05+0.08
−0.07 –2.49+0.21

−0.49 243.9+57.1
−53.0 1.88 1.12+0.04

−0.04 311.0+38.6
−32.9 1.90

76–103 –1.06+0.08
−0.08 –2.65+0.19

−0.34 125.7+23.27
−19.26 1.23 1.15+0.06

−0.06 157.7+22.2
−18.6 1.39

103–150 –1.50+0.20
−0.18 –2.30 ± 0.10 101.1+58.3

−30.5 1.07 1.50+0.18
−0.20 102.8+56.8

−30.4 1.06

Notes. We considered six time intervals, each one corresponding to a particular emission feature in the light curve. We fitted the GBM
(8 keV–10 MeV) observed emission with a Band model (Band et al. 1993) and a power-law function with an exponential cut-off. In Cols. 2−4 we
list the Band model low-energy index α, the high-energy β and the break energy EBAND

0 , with the reduced chi-square value in the 6th column. In
the last three columns are listed the power-law index γ, the cut-off energy Ecut

0 and the reduced chi-square value respectively, as obtained from the
spectral fit with the cut-off power-law spectral function.

optical emission, which is identified with the peak of the for-
ward external shock emission (Molinari et al. 2007; Rykoff
et al. 2009) in the thin shell approximation (Sari & Piran 1999).
Several partly alternative and/or complementary scenarios have
been developed to the fireball model, e.g. based on quasi-
thermal Comptonization (Ghisellini & Celotti 1999), Compton
drag emission (Zdziarski et al. 1991; Shemi 1994), synchrotron
emission from a decaying magnetic field (Pe’er & Zhang 2006),
jitter radiation (Medvedev 2000), Compton scattering of syn-
chrotron self-absorbed photons (Panaitescu & Mészáros 2000;
Stern & Poutanen 2004), photospheric emission (Eichler &
Levinson 2000; Mészáros & Rees 2000; Mészáros 2002; Daigne
& Mochkovitch 2002; Giannios 2006; Ryde & Pe’er 2009;
Lazzati & Begelman 2010). In particular, Ryde & Pe’er (2009)
pointed out that the photospheric emission overcomes some of
the difficulties of pure non-thermal emission models.

3.2. The fireshell scenario

In the fireshell model, the rate equation for the e+e− pairs and
its dynamics have been given by Ruffini et al. (2000) (the pair-
electromagnetic pulse or PEM pulse for short). This plasma
engulfs the baryonic material left over in the process of gravi-
tational collapse having mass MB, still keeping thermal equilib-
rium between electrons, positrons, and baryons. The baryon load
is measured by the dimensionless parameter B = MBc2/Ee+e−

tot . It
was shown (Ruffini 1999) that no relativistic expansion of the
plasma can be found for B > 10−2. The fireshell is still opti-
cally thick and self-accelerates to ultrarelativistic velocities (the
pair-electromagnetic-baryonic pulse or PEMB pulse for short,
Ruffini 1999). Then the fireshell becomes transparent and the
proper – GRB (P-GRB) is emitted (Ruffini et al. 2001a). The
final Lorentz gamma factor at transparency can vary in a vast
range between 102 and 103 as a function of Ee+e−

tot and B, see
Fig. 3. For the final determination it is necessary to explicitly
integrate the rate equation of the e+e− annihilation process and
evaluate, for a given black hole mass and a given e+e− plasma
radius, the reaching of the transparency condition, Ruffini et al.
(2000), see Fig. 4.

The fireshell scenario does not require any prolonged activ-
ity of the inner engine. After transparency, the remaining ac-
celerated baryonic matter still expands ballistically and starts to
slow down by the collisions with the CBM, having average den-
sity ncbm. In the standard fireball scenario (Meszaros 2006), the
spiky light curve is assumed to be caused by internal shocks.

In the fireshell model the entire extended-afterglow emission
is assumed to originate from an expanding thin shell, which
enforces energy and momentum conservation in the collision
with the CBM. The condition of a fully radiative regime is as-
sumed (Ruffini et al. 2001a). This, in turn, allows one to esti-
mate the characteristic inhomogeneities of the CBM, as well as
its average value.

It is appropriate to recall another difference between our
treatment and those in the current literature. The complete an-
alytic solution of the equations of motion of the baryonic shell
has been developed (Bianco & Ruffini 2004, 2005b), while in the
current literature usually the Blandford-McKee (Blandford &
McKee 1976) self-similar solution has been uncritically adopted
(e.g. Meszaros et al. 1993; Sari 1997, 1998; Waxman 1997; Rees
& Meszaros 1998; Granot et al. 1999; Panaitescu & Meszaros
1998; Gruzinov & Waxman 1999; van Paradijs et al. 2000;
Mészáros 2002). The analogies and differences between the two
approaches have been explicitly pointed out in Bianco & Ruffini
(2005a).

From this general approach, a canonical GRB bolometric
light curve composed of two different parts is defined: the P-
GRB and the extended afterglow. The relative energetics of these
two components, the observed temporal separation between the
corresponding peaks, is a function of the above three parame-
ters Ee+e−

tot , B, and the average value of the ncbm; the first two pa-
rameters are inherent to the accelerator characterizing the GRB,
i.e., the optically thick phase, while the third one is inherent
to the GRB surrounding environment, which gives rise to the
extended-afterglow. Regarding the observational properties of
this model of a relativistic expanding shell, a crucial concept
has been the introduction of the EQTS. In this topic, also, our
model differs from those in the literature for deriving the ana-
lytic expression of the EQTS from the analytic solutions of the
equations of motion (Bianco & Ruffini 2005a).

We assumed Ee+e−
tot = Eiso. This assumption is based on the

very accurate information we have on the luminosity and the
spectral properties of the source. In other GRBs, we have as-
sumed Ee+e−

tot > Eiso to take into account the observational limita-
tions, owing to detector thresholds, distance effects, and lack of
data.

3.3. The emission of the P-GRB

The lower limit of Ee+e−
tot is given by the observed isotropic en-

ergy emitted in the GRB, Eiso. The identification of the energy
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Fig. 3. Evolution of the Lorentz Γ factor until the transparency emission
for a GRB of a fixed Ee+e−

tot = 1.22 × 1055 (upper panel), and Ee+e−
tot =

1.44 × 1049, for different values of the baryon load B. This computation
refers to a mass of the black hole of 10 M� and a τ =

∫
R

dr(ne±+nb
e− )σT =

0.67, where σT is the Thomson cross-section and the integration is over
the thickness of the fireshell (Ruffini 1999).

of the afterglow and of the P-GRB determines the baryon load
B and, from these, it is possible to determine the value of the
Lorentz Γ factor at transparency, the observed temperature as
well as the temperature in the comoving frame and the labora-
tory radius at transparency, see Fig. 4. We can indeed determine
from the spectral analysis of the P-GRB candidate the tempera-
ture kTobs and the energy emitted in the transparency EPGRB. The
relation between these parameters cannot be expressed by an an-
alytical formulation: they can be only obtained by a numerical
integration of the entire fireshell equations of motion. In prac-
tice we need to perform a trial-and-error procedure to find the
set of values that fits the observations.

As we will see in the case of GRB 090618, the direct mea-
sure of the temperature of the thermal component at the trans-
parency offers a very important new information on the determi-
nation of the GRB parameters. In the emission of the P-GRB two
different phases are present: one corresponding to the emission
of the photons when the transparency is reached, and the sec-
ond is the early interaction of the ultra-relativistic protons and
electrons with the CBM. A spectral energy distribution with a
thermal component and a non-thermal one should be expected
to occur.
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3.4. The extended afterglow

The majority of works in the current literature has addressed
the analysis of the afterglow emission as due to various com-
binations of synchrotron and inverse Compton processes, see
e.g. Piran (2005). It appears, however, that this description is
not fully satisfactory (see e.g. Ghirlanda et al. 2003; Kumar &
McMahon 2008b; Piran et al. 2009).

We adopted in the fireshell model a pragmatic approach by
making full use of the knowledge of the equations of motion,
of the EQTS formulations (Bianco & Ruffini 2005b) and of the
correct relativistic transformations between the comoving frame
of the fireshell and the observer frame. These equations, which
relate the four time variables, are necessary for interpreting the
GRB data. They are: a) the comoving time, b) the laboratory
time, c) the arrival time, and d) the arrival time at the detector
corrected for cosmological effects. This is the content of the rel-
ative space-time transformations paradigm, essential for the in-
terpretation of GRBs data (Ruffini et al. 2001b). This paradigm
required a global, instead of a piecewise, description of the
GRB phenomenon (Ruffini et al. 2001b). This global descrip-
tion led to a new interpretation of the burst structure paradigm
(Ruffini et al. 2001a). As recalled in the introduction, a new
conclusion, arising from the burst structure paradigm, has been
that the emission by the accelerated baryons interacting with the
CBM is indeed occurring already in the prompt emission phase,
just after the P-GRB emission. This is the extended-afterglow
emission, which presents in its “light curve” a rising part, a peak,
and a decaying tail. Following this paradigm, the prompt emis-
sion phase consists therefore of the P-GRB emission and the
peak of the extended afterglow.

To evaluate the extended-afterglow spectral properties, we
adopted an ansatz on the spectral properties of the emission in
the collisions between the baryons and the CBM in the comov-
ing frame. We then evaluated all observational properties in the
observer frame by integrating on the EQTS. The initial ansatz
of thermal spectrum (Ruffini et al. 2001a), has recently been
modified to

dNγ
dVdε

=

(
8π

h3c3

) (
ε

kBT

)α
ε2

exp
(
ε

kBT

)
− 1
, (2)

where α is a phenomenological parameter defined in the co-
moving frame of the fireshell (Patricelli et al. 2011), deter-
mined by the optimization of the simulation of the observed
data. It is well known that in the ultrarelativistic collision of
protons and electrons with the CBM, collective processes of ul-
trarelativistic plasma physics are expected, which are not yet
fully explored and understood (e.g. Weibel instability, Medvedev
& Loeb see 1999). Promising results along this line have al-
ready been obtained by Spitkovsky (2008) and Medvedev &
Spitkovsky (2009), and may lead to the understanding of the
physycal origin of the α parameter in Eq. (2).

To take into due account the filamentary, clumpy and porous
structure of the CBM, we introduced the additional parameterR,
which describes the fireshell surface filling factor. It is defined as
the ratio between the effective emitting area of the fireshell Aeff
and its total visible area Avis (Ruffini et al. 2002, 2005).

One of the main features of the GRB afterglow has been the
observation of hard-to-soft spectral variation, which is generally
absent in the first spike-like emission, which we have identified
as the P-GRB, Bernardini et al. (2007); Caito et al. (2009, 2010);
de Barros et al. (2011). An explanation of the hard-to-soft spec-
tral variation has been advanced on the grounds of two differ-
ent contributions: the curvature effect and the intrinsic spectral

evolution. In particular, in the work of Peng et al. (2011) the au-
thors used the model developed in Qin (2002) for the spectral
lag analysis, taking into account an intrinsic Band model for the
GRBs and a Gaussian profile for the GRB pulses to take into
account the angular effects, and they found that both causes pro-
vide a very good explanation for the observed time lags. Within
the fireshell model we can indeed explain a hard-to-soft spec-
tral variation very naturally, in the extended-afterglow emission.
Since the Lorentz Γ factor decreases with time, the observed ef-
fective temperature of the fireshell will drop as the emission goes
on, consequently the peak of the emission will occur at lower
energies. This effect is amplified by the curvature effect, which
originates in the EQTS concept. Both these observed features are
considered as responsible for the time lag observed in GRBs.

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

The simulation of a GRB light curve and the respective spec-
trum also requires the determination of the filling factor R and
of the CBM density nCBM. These extra parameters are extrin-
sic and they are just functions of the radial coordinate from the
source. The parameter R, in particular, determines the effec-
tive temperature in the comoving frame and the corresponding
peak energy of the spectrum, while ncbm determines the tem-
poral behavior of the light curve. It is found that the CBM is
typically formed of “clumps” of width ∼1015−16 cm and average
density contrast 10−1 � 〈δn/n〉 � 10 centered on the value of
four particles/cm3, see Fig. 10, and clumps of masses Mclump ≈
1022−24 g. Particularly important is the determination of the av-
erage value of ncbm. Values on the order of 0.1−10 particles/cm3

have been found for GRBs exploding inside star-forming region
galaxies, while values on the order of 10−3 particles/cm3 have
been found for GRBs exploding in galactic halos (Bernardini
et al. 2007; Caito et al. 2009; de Barros et al. 2011). This clumpy
medium, already predicted in pioneering works of Fermi in the
theoretical study of interstellar matter in our galaxy (Fermi 1949,
1954), is by now well-established both from the GRB observa-
tions and by additional astrophysical observations, see e.g. the
circum-burst medium observed in novae (Shara et al. 1997),
or by theoretical considerations on supergiant, massive stars,
clumpy wind (Ducci et al. 2009). Interesting are the consid-
erations by Arnett and Meakin (Arnett & Meakin 2011), who
have shown how realistic 2D simulations of the late evolution
of a core collapse show processes of violent emission of clouds:
there the 2D simulations differ from those in 1D, which show
a much more regular and wind behavior around the collapsing
core. Consequently, attention should be given also to instabili-
ties prior to the latest phases of the evolution of the core, pos-
sibly giving rise to the cloud pattern observed in the CBM of
GRB phenomenon (Arnett, priv. comm.).

The determination of the R and nCBM parameters depends
essentially on the reproduction of the shape of the extended-
afterglow and of the respective spectral emission, in a fixed
energy range. Clearly, the simulation of a source within the
fireshell model is much more complex than simply fitting the
N(E) spectrum with phenomenological analytic formulas for a
finite temporal range of the data. It is a consistent picture, which
has to find the best value for the parameters of the source, the
P-GRB (Ruffini et al. 2001a), its spectrum, its temporal struc-
ture, as well as its energetics. For each spike in the light curve
the parameters of the corresponding CBM clumps are com-
puted, taking into account all the thousands of convolutions of



comoving spectra over each EQTS that lead to the observed
spectrum (Bianco & Ruffini 2005b,a). It is clear that, since the
EQTS encompass emission processes occurring at different co-
moving times weighted by their Lorentz and Doppler factors, the
“fitting” of a single spike is not only a function of the properties
of the specific CBM clump but of the entire previous history of
the source. Any mistake at any step of the simulation process
affects the entire evolution that follows and, conversely, at any
step a fit must be made consistently with the entire previous his-
tory: because of the non-linearity of the system and the EQTS,
any change in the simulation produces observable effects up to a
much later time. This leads to an extremely complex procedure
by trial and error in the data simulation, in which the variation
of the parameters defining the source are increasingly narrowed
down, reaching the uniqueness very quickly. Of course, we can-
not expect the latest parts of the simulation to be very accurate,
since some of the basic hypothesis on the equations of motion,
and possible fragmentation of the shell, can affect the procedure.

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

4. Spectral analysis of GRB 090618

We proceed now to the detailed spectral analysis of
GRB 090618. We divide the emission in six time intervals,
shown in Table 1, each one identifying a significant feature in
the emission process. We then fit for each time interval the spec-
tra by a Band model and a blackbody with an extra power-law
component, following Ryde (2004). In particular, we are inter-
ested in estimating the temperature kT and the observed energy
flux φobs of the blackbody component. The specific intensity of
emission of a thermal spectrum at energy E in energy range dE
into solid angle ΔΩ is

I(E)dE =
2

h3c2

E3

exp(E/kT ) − 1
ΔΩdE. (3)

The source of radius R is seen within a solid angle ΔΩ =
πR2/D2, and its full luminosity is L = 4πR2σT 4. What we
are fitting, however, is the background-subtracted photon spec-
tra A(E), which is obtained by dividing the specific intensity I(E)
by the energy E:

A(E)dE ≡ I(E)
E

dE =
k4L

2σ(kT )4D2h3c2

E2dE
exp(E/kT ) − 1

=
15φobs

π4(kT )4

E2dE
exp(E/kT ) − 1

, (4)

where h, k and σ are the Planck, the Boltzmann, and the Stefan-
Boltzmann constants respectively, c is the speed of light and
φobs = L/(4πD2) is the observed energy flux of the blackbody
emitter. The great advantage of Eq. (4) is that it is written in
terms of the observables φobs and T , so from a spectral fit-
ting procedure we can obtain the values of these quantities for
each time interval considered. To determine these parameters,
we must perform an integration of the actual photon spectrum
A(E) over the instrumental response R(i, E) of the detector that

Fig. 5. Two episode nature of GRB 090618.

observes the source, where i denotes the different instrument en-
ergy channels. The result is a predicted count spectrum

Cp(i) =
∫ Emax (i)

Emin(i)
A(E)R(i, E)dE, (5)

where Emin(i) and Emax(i) are the boundaries of the ith energy
channel of the instrument. Equation (5) must be compared with
the observed data by a fit statistic.

The main parameters obtained from the fitting procedure
are shown in Table 2. We divide the entire GRB in two main
episodes, as advanced in Ruffini et al. (2011): one lasting the
first 50 s and the other from 50 to 151 s after the GRB trigger
time, see Fig. 5. Clearly, the first 50 s of emission, correspond-
ing to the first episode, are well-fitted by a Band model as well
as a blackbody with an extra power-law model, Fig. 6. The same
happens for the first 9 s of the second episode (from 50 to 59 s
after the trigger time), Fig. 7. For the subsequent three intervals
corresponding to the main peaks in the light curve, the black-
body plus a power-law model does not provide a satisfactory fit.
Only the Band model fits the spectrum with good accuracy, with
the exception of the first main spike (compare the values of χ2

in the table). We find also that the last peak can be fitted by a
simple power-law model with a photon index γ = 2.20 ± 0.03,
better than by a Band model.

The result of this analysis points to a different emission
mechanism in the first 50 s of GRB 090618 and in the fol-
lowing 9 s. A sequence of very strong pulses follows, whose
spectral energy distribution is not attributable either to a black-
body or a blackbody and an extra power-law component. The
evidence for the transition is well represented by the test of the
data fitting, whose indicator is given by the changing of the χ̃2

(Nd.o.f. = 169) for the blackbody plus a power-law model for the
different time intervals, see Table 2. Although the Band spec-
tral model is an empirical model without a clear physical origin,
we checked its validity in all time-detailed spectra with the sole
exception of the first main pulse of the second episode. The χ2

corresponding to the Band model for this main pulse, although
better than that corresponding to the blackbody and power-law
case, is unsatisfactory. We now directly apply the fireshell model
to make the above conclusions more stringent and reach a better
understanding of the source.
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Table 2. Time-resolved spectral analysis (8 keV–10 MeV) of the second episode in GRB 090618.

Time interval (s) α β E0(keV) χ̃2
BAND kT (keV) γ χ̃2

BB+po

A 0–50 –0.74 ± 0.10 –2.32 ± 0.16 118.99 ± 21.71 1.12 32.07 ± 1.85 1.75 ± 0.04 1.21
B 50–59 –1.07 ± 0.06 –3.18 ± 0.97 195.01 ± 30.94 1.23 31.22 ± 1.49 1.78 ± 0.03 1.52
C 59–69 –0.99 ± 0.02 –2.60 ± 0.09 321.74 ± 14.60 2.09 47.29 ± 0.68 1.67 ± 0.08 7.05
D 69–78 –1.04 ± 0.03 –2.42 ± 0.06 161.53 ± 11.64 1.55 29.29 ± 0.57 1.78 ± 0.01 3.05
E 78–105 –1.06 ± 0.03 –2.62 ± 0.09 124.51 ± 7.93 1.20 24.42 ± 0.43 1.86 ± 0.01 2.28
F 105–151 –2.63 ± –1 –2.06 ± 0.02 unconstrained 1.74 16.24 ± 0.84 2.23 ± 0.05 1.15

Fig. 6. Time-integrated spectra for the first episode (from 0 to 50 s) of GRB 090618 fitted with the Band, χ̃2 = 1.12 (left) and blackbody + power-
law (right) models, χ̃2 = 1.28. In the following we will consider the case of a blackbody + power-law model and infer some physical consequences.
The corresponding considerations for the Band model are currently being considered and will be published elsewhere.

Fig. 7. Time-integrated spectra for the first 9 s of the second episode (from 50 to 59 s after the trigger time) of GRB 090618 fitted with the Band,
χ̃2 = 1.23 (left) and blackbody + power-law (right) models, χ̃2 = 1.52.

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

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

We first approach the analysis of GRB 090618 by assuming that
we observe a single GRB and attempt to identify its components
in a canonical GRB scenario, based on the fireshell model. We
first attempt the identification of the P-GRB emission. We have
already seen that the integrated first 50 s can be well-fitted with a

blackbody at a temperature kT = 32.07 ± 1.85 keV and an extra
power-law component with the photon index γ = −1.75 ± 0.04,
see panel A in Fig. 7 and Table 2. Because a blackbody compo-
nent is the distinctive feature of the P-GRB, we first attempted
an interpretation of GRB 090618 as a single GRB with the
first 50 s as the P-GRB, Ruffini et al. (2010a). We first pro-
ceeded to evaluate if the energetics of the emission in the first
50 s can be interpreted as caused by a P-GRB. The energy
emitted by the sole blackbody is EBB = 8.35+0.27

−0.36 × 1051 erg.
Recalling that the isotropic energy of the entire GRB 090618 is
Eiso = (2.90 ± 0.02) × 1053 erg, this means that the blackbody
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Fig. 8. Left panel, the time-integrated spectrum (8–440 keV) for the P-GRB emission episode (from 50 to 54 s after the trigger time) of GRB 090618
fitted with the blackbody + power-law models, χ̃2 = 1.15, while the right panel shows the fit with a Band model, χ̃2 = 1.25.

component would be ∼2.9% of the total energy emitted in the
burst. This would imply, see lower panel in Fig. 4, a baryon load
B ∼ 10−3 with a corresponding Lorentz Γ factor of ∼800 and a
temperature of ∼52 keV. This value disagrees with the observed
temperature kTobs = 32.07 keV.

One may attempt to reconcile the value of the theoretically
predicted GRB temperature with the observed one by increas-
ing Ee+e−

tot . This would lead to an Ee+e−
tot = 4 × 1054 erg and a

corresponding baryon load of B ≈ 10−4. This would imply three
major discrepancies: a) there would be an unjustified comple-
mentary unobserved energy; b) in view of the value of the baryon
load, and the corresponding Lorentz Γ factor, the duration of the
extended-afterglow emission would be more than an order of
magnitude lower than the observed 100 s (Bianco et al. 2008);
c) the duration of the first 50 s is much longer than the one typi-
cally expected for all P-GRBs identified in other GRBs (Ruffini
et al. 2007), which is at maximum on the order of ∼10 s. We have
therefore considered this approach to be hopeless and proceeded
to a different one looking for multiple components.

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

5.2.1. The identification of the P-GRB of the second episode

We now proceed to the analysis of the data between 50 and 150 s
after the trigger time as a canonical GRB in the fireshell scenario,
namely the second episode, see Fig. 5 (Ruffini et al. 2011). We
proceed to identify the P-GRB within the emission between 50
and 59 s, since we find a blackbody signature in this early
second-episode emission. Considerations based on the time vari-
ability of the thermal component bring us to consider the first 4 s
of this time interval as caused by the P-GRB emission. The cor-
responding spectrum (8–440 keV) is well fitted (χ̃2 = 1.15) with
a blackbody of a temperature kT = 29.22 ± 2.21 keV (norm =
3.51 ± 0.49), and an extra power-law component with photon in-
dex γ = 1.85 ± 0.06, (norm = 46.25 ± 10.21), see Fig. 8. The fit
with the Band model is also acceptable (χ̃2 = 1.25). The fit gives
a low-energy power-law index α = −1.22 ± 0.08, a high-energy
index β = −2.32 ± 0.21 and a break energy E0 = 193.2 ± 50.8,
see Fig. 8. In view of the theoretical understanding of the ther-
mal component in the P-GRB, see Sect. 3.2, we focus below on
the blackbody + power-law spectral model.

The isotropic energy of the second episode is Eiso = (2.49 ±
0.02) × 1053 ergs. The simulation within the fireshell scenario is
made assuming Ee+e−

tot ≡ Eiso. From the upper panel in Fig. 4 and
the observed temperature, we can then derive the corresponding
value of the baryon load. The observed temperature of the black-
body component is kT = 29.22± 2.21, so that we can determine
a value of the baryon load of B = 1.98 ± 0.15× 10−3, and de-
duce the energy of the P-GRB as a fraction of the total Ee+e−

tot .
We therefore obtain a value of the P-GRB energy of 4.33+0.25

−0.28 ×
1051 erg.

Now, from the second panel in Fig. 4 we can derive the radius
of the transparency condition, to occur at rtr = 1.46 × 1014 cm.
From the third panel we derive the bulk Lorentz factor of Γth =
495. We compare this value with the energy measured in the sole
blackbody component of EBB = 9.24+0.50

−0.58 × 1050 erg, and with
the energy in the blackbody plus the power-law component of
EBB+po = 5.43+0.07

−0.11 × 1051 erg, and verify that the theoretical
value is in between these observed energies. We have found this
result quite satisfactory: it represents the first attempt to relate
the GRB properties to the details of the black hole responsible
for the overall GRB energetics. The above theoretical estimates
were based on a non rotating black hole of 10 M�, a total en-
ergy of Ee+e−

tot = 2.49 × 1053 erg and a mean temperature of the
initial plasma of e+e− of 2.4 MeV, derived from the expression
of the dyadosphere radius, Eq. (1). Any refinement of the direct
comparison between theory and observations will have to ad-
dress a variety of fundamental problems such as 1) the possible
effect of rotation of the black hole, leading to a more complex
dyadotorus structure; 2) a more detailed analysis of the trans-
parency condition of the e+e− plasma, simply derived from the
condition τ =

∫
R

dr(ne± + nb
e−)σT = 0.67 (Ruffini 1999); 3) an

analysis of the general relativistic, electrodynamical, strong in-
teractions descriptions of the gravitational collapse core leading
to a black hole formation, (Cherubini et al. 2009; Ruffini et al.
2003; Ruffini 1999).

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

The extended afterglow starts at the above given radius of the
transparency, with an initial value of the Lorentz Γ factor of
Γ0 = 495. To simulate the extended-afterglow emission, we need
to determine the radial distribution of the CBM around the burst
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Fig. 9. Fireshell simulation, green line, and the sole blackbody emis-
sion, red line, of the time-integrated (t0 + 50, t0 + 54 s) spectrum of the
P-GRB emission. The sum of the two components, the blue line, is the
total simulated emission in the first 4 s of the second episode.

Fig. 10. Radial CBM density distribution for GRB 090618. The charac-
teristic masses of each cloud are on the order of ∼1022−24 g and 1016 cm
in radii.

site, which we assume for simplicity to be spherically symmet-
ric, we infer a characteristic size of ΔR = 1015−16 cm. We already
recalled how the simulation of the spectra and of the observed
multi-band light curves have to be performed together and need
to be jointly optimized, leading to the determination of the fun-
damental parameters characterizing the CBM medium (Ruffini
et al. 2007). This radial distribution is shown in Fig. 10, and is
characterized by a mean value of 〈n〉 = 0.6 part/cm3 and an aver-
age density contrast with a 〈δn/n〉 ≈ 2, see Fig. 10 and Table 4.
The data up to 8.5 × 1016 cm are simulated with a value for the
filling factor R = 3×10−9, while the data from this value on with
R = 9 × 10−9. From the radial distribution of the CBM density,
and considering the 1/Γ effect on the fireshell visible area, we
found that the CBM clumps causing the spikes in the extended-
afterglow emission have masses on the order of 1022−24 g. The
value of the α parameter was found to be −1.8 along the total
duration of the GRB.

In Fig. 11 we show the simulated light curve (8–1000 keV)
of the GRB and the corresponding spectrum, using the spectral
model described in Bianco & Ruffini (2004) and Patricelli et al.
(2011).

We focus our attention on the structure of the first spikes. The
comparison between the spectra of the first main spike (t0 + 59,

Table 3. Final results of the simulation of GRB 090618 in the fireshell
scenario.

Parameter Value

Ee+e−
tot 2.49 ± 0.02 × 1053 erg

B 1.98 ± 0.15 × 10−3

Γ0 495 ± 40
kTth 29.22 ± 2.21 keV
EP−GRB,th 4.33 ± 0.28 × 1051 erg
〈n〉 0.6 part/cm3

〈δn〉 2 part/cm3

Table 4. Physical properties of the three clouds surrounding the burst
site.

Cloud Distance (cm) r (cm) ρ (#/cm3) M (g)

First 4.0 × 1016 1 × 1016 1 2.5 × 1024

Second 7.4 × 1016 5 × 1015 1 3.1 × 1023

Third 1.1 × 1017 2 × 1015 4 2.0 × 1022

Notes. The table includes the distance from the burst site (2nd column),
the radius r of the cloud (3rd column), the particle density ρ (4th col-
umn), and the mass M (the last column).

t0 + 66 s) of the extended afterglow of GRB 090618, obtained
with three different assumptions is shown in Fig. 12: in the upper
panel we show the fireshell simulation of the integrated spectrum
(t0 + 59, t0 + 66 s) of the first main spike, in the middle panel we
show the best fit with a blackbody and a power-law component
model and in the lower panel the best fit using a simple power-
law spectral model.

We can see that the fit with the last two models is not sat-
isfactory: the corresponding χ̃2 is 7 for the blackbody + power-
law and ∼15 for the simple power-law. We cannot give the χ̃2

of the fireshell simulation, since it is not represented by an ex-
plicit analytic fitting function, but it originates in a sequence of
complex high non-linear procedure, summarized in Sect. 3. It
is clear from a direct scrutiny that it correctly reproduces the
low-energy emission, thanks in particular to the role of the α
parameter, which was described previously. At higher energies,
the theoretically predicted spectrum is affected by the cut-off in-
duced by the thermal spectrum. The temporal variability of the
first two spikes is well simulated.

We are not able to accurately reproduce the last spikes of
the light curve, since the equations of motion of the acceler-
ated baryons become very complicated after the first interac-
tions of the fireshell with the CBM (Ruffini et al. 2007). This
happens for different reasons. First, a possible fragmentation of
the fireshell can occur (Ruffini et al. 2007). Moreover, at larger
distances from the progenitor the fireshell visible area becomes
larger than the transverse dimension of a typical blob of matter,
consequently a modification of the code for a three-dimensional
description of the interstellar medium will be needed. This is un-
like the early phases in the prompt emission, which is the main
topic we address at the moment, where a spherically symmetric
approximation applies. The fireshell visible area is smaller than
the typical size of the CBM clouds in the early phases of the
prompt radiation (Izzo et al. 2010).

The second episode, lasting from 50 to 151 s, agrees with a
canonical GRB in the fireshell scenario. Particularly relevant is
the problematic of the P-GRB. It interfaces with the fundamental
physics problems, related to the physics of the gravitational col-
lapse and the black hole formation. There is an interface between
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Fig. 11. Simulated light curve and time integrated (t0 + 58, t0 + 150 s)
spectrum (8–440 keV) of the extended-afterglow of GRB 090618.

the reaching of transparency of the P-GRB and the early part of
the extended afterglow. This connection has already been intro-
duced in the literature (Pe’er et al. 2012). We studied this in-
terface in the fireshell by analyzing the thermal emission at the
transparency with the early interaction of the baryons with the
CBM matter, see Fig. 9.

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

6. The Amati relation, the HR, and the time lag
of the two episodes

6.1. The first episode as an independent GRB?

We first checked if the two episodes separately fulfill the Amati
relation, (Amati et al. 2002). By using the Band spectrum we
verified that the first episode presents an intrinsic peak energy
value of Ep,1st = 223.01 ± 24.15 keV, while the second episode
presents an Ep,2nd = 224.57 ± 17.4 keV. The isotropic energies
emitted in each single episode are Eiso,1st = 4.09±0.07×1052 erg
and Eiso,2nd = 2.49± 0.02× 1053 erg, therefore both episodes sat-
isfy the Amati relation, see Fig. 13. The fulfillment of the Amati

Fig. 12. Simulated time-integrated (t0 + 58, t0 + 66 s) count spectrum
(8–440 keV) of the extended afterglow of GRB 090618 (upper panel),
count spectrum (8 keV–10 MeV) of the main pulse emission (t0 + 58,
t0+66), and best fit with a blackbody + power-law model (middle panel)
and a simple power-law model (lower panel).

relation of episode 2 was expected, because the second episode
is a canonical GRB. What we find surprising is the fulfillment of
the Amati relation of the first episode.

We first examine episode 1 as a single GRB. We notice a
sharp rise in the luminosity in the first 6 s of emission. We
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Fig. 13. Position of the first and second component of GRB 090618
in the Ep,i – Eiso plane with respect to the best fit of the Amati rela-
tion, as derived following the procedure described in Capozziello &
Izzo (2010). The red circle corresponds to the first emission while the
green circle corresponds to the second one.

therefore attempted a first interpretation by assuming the first 6 s
to the P-GRB component of this independent GRB, and the re-
maining 44 s to be the extended-afterglow of this GRB. A value
of the fit gives Ee+e−

tot = 3.87 × 1052 erg and B = 1.5 × 10−4. This
would imply a very high value for the Lorentz factor at the trans-
parency of ∼5000. In turn, this value would imply (Ruffini 1999)
a spectrum of the P-GRB peaking around ∼300 keV, which is in
contrast with the observed temperature of 58 keV. Alternatively,
we attempted a second simulation by assuming all observed data
to be part of the extended afterglow of a GRB, with a P-GRB be-
low the detector threshold. Assuming in this case Eiso = Ee+e−

tot ,
B = 10−2, and assuming for the P-GRB a duration shorter
than 10 s, as confirmed from the observations of all existing P-
GRBs (Ruffini et al. 2007), we should obtain an energy of the
P-GRB greater than 10−8 erg/cm2/s, which should have been
easily detectable from Fermi and Swift. This second possibility is
therefore not viable either. We can then generally conclude that
we cannot interpret this episode either as a P-GRB of the second
episode, as proved in Sect. 3.2 or, as proved here, as a separate
GRB. We then conclude that the fulfillment of the Amati relation
does not imply that the source is necessarily a GRB.

6.2. The HR variation and the time lag of the two episodes

We finally address another difference between the two episodes,
related to the hardness-ratio behavior (HR) and their observed
time-lag. The first evidence of an evolution of the GRBs power-
law slope indexes with time was observed in the BATSE
GRB photon spectra (Crider et al. 1997). In the context of the
fireshell scenario, as recalled earlier, the spectral evolution natu-
rally develops from the evolution of the comoving temperature,
the decrease of the bulk Lorentz Γ factor, and from the curva-
ture effect (Bianco & Ruffini 2004), with theoretically predicted
values, in excellent agreement with observations in past GRBs.

To build the HR ratio, we considered the data from
three different instruments: Swift-BAT, Fermi-GBM and the
CORONAS-PHOTON-RT-2. The plots obtained with these
instruments confirm the existence of a peculiar trend of the hard-
ness behavior: in the first 50 s it shows a monotonic hard-to-soft

Fig. 14. Hardness-ratio ratios for the Swift BAT data in two different en-
ergy channels: HR1 = cts(25–50 keV)/cts(15–25 keV), HR2 = cts(50–
150 keV)/cts(15–50 keV).

behavior, as expected because of the blackbody evolution of the
first episode. For the second episode, the following 50 to 151 s
of the emission, there is a soft-to-hard trend in the first 4 s of
emission, and a hard-to-soft behavior modulated by the spiky
emission in the following 100 s. For the HR ratio we considered
the ratio of the count rate detected from a higher energy chan-
nel to that of a lower energy channel: HR = ctg(HE)/ctg(LE). In
particular, we considered the count rate subtracted for the back-
ground, although this choice provides poor HR data in the time
region dominated by the background, where the count rate can
be zero or negative. For the Swift data, we considered the HR for
two different energy subranges: the HR1 shows the ratio of the
(50–150 keV) over the (15–50 keV) emission while the HR2 ra-
tio shows the ratio of the (25–50 keV) over the (15–25 keV)
emission, see Fig. 14.

A similar trend was found for the Fermi-GBM NaI and RT-
2 instruments, see Fig. 15. In particular, the HR data from the
Fermi observations were assembled the counts observed by the
b0 BGO detector in the range (260 keV–40 MeV) and those
observed by the n4 NaI detector in the range (8–260 keV). In
Fig. 15 we show the HR for the Fermi observations, where we
rebinned the counts in time intervals of 3 s. From this analysis
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Fig. 15. Hardness-ratio for the Fermi data. We considered the cts ob-
served in the (260 keV–40 MeV) energy range over the (8–260 keV)
energy range. The time on the x-axis is reported in terms of the mission
elapsed time (MET). Several negative data points arise because of noise,
in other words the non-presence of GRB emission, in the background-
subtracted BGO count light curve.

we see that the HR peaks at the beginning of each pulse, also
for the second-episode pulses, but each peak of the second-
episode pulses is softer than the previous one, suggesting that
these pulses are consequential in the second episode and gener-
ally agree with the advance of a fireshell in the CBM. Since RT-2
data clearly show both episodes up to 1 MeV, this complements
the results obtained by Swift (up to 200 keV) and Fermi (up to
440 keV) in the high and the most interesting energy range. The
hardness-ratio plot of (250–1000 keV)/(8–250 keV) indicates
that the first phases of both episodes are the hardest.

Finally, the evident asymmetry of the first episode, supported
by the observations of a long time lag in the high- and low-
energy channels, see Fig. 2, suggests a different process at work.
The first episode softens significantly, as reported in Rao et al.
(2011), who observed a long time lag between the 15–25 keV
energy range and 100–150 keV: the high-energy photons peak
∼7 s before the photons detected in the 15–25 keV energy range.
This long time lag is not observed in the second episode, where
the lags are on the order of ∼1 s.

Motivated by these results, we proceed to a most accurate
time-resolved spectral analysis of the first episode to identify its
physical and astrophysical origin.

7. A different emission process in the first episode

7.1. The time-resolved spectra and temperature variation

One of the most significant outcomes of the multi-year work
of Felix Ryde and his collaborators, (see e.g. Ryde et al. 2010,
and references therein), has been the identification and the de-
tailed analysis of the thermal plus power-law features observed
in time-limited intervals in selected BATSE GRBs. Similar fea-
tures have also been observed in the data acquired by the Fermi
satellite (Ryde et al. 2010; Guiriec et al. 2011). We propose to di-
vide these observations into two broad families. The first family
presents a thermal plus power-law(s) feature, with a temperature
changing in time following a precise power-law behavior. The
second family is also characterized by a thermal plus power-law

Fig. 16. Evolution of the BB+powerlaw spectral model in the ν F(ν)
spectrum of the first emission of GRB 090618. It shows the cooling of
the blackbody and of the associated non-thermal component with time.
We only plot the fitting functions for clarity.

component, but with the blackbody emission generally vary-
ing without a specific power-law behavior and on shorter time
scales. It is our goal to study these features within the fireshell
scenario to possibly identify the underlying physical processes.
We have already showed in Sect. 4 that the emission of the ther-
mal plus power-law component characterizes the P-GRB emis-
sion. We have also emphasized that the P-GRB emission is the
most relativistic regime occurring in GRBs, uniquely linked to
the process of the black hole formation, see Sect. 5. This process
appears to belong to the second family considered above. Our
aim here is to see if the first episode of GRB 090618 can lead to
the identification of the first family of events: those whose tem-
perature changes with time following a power-law behavior on
time scales from 1 to 50 s. We have already pointed out in the
previous section that the hardness-ratio evolution and the long
time lag observed for the first episode (Rao et al. 2011) points to
a distinct origin for the first 50 s of emission, corresponding to
the first episode.

We made a detailed time-resolved analysis of the first
episode, considering di� erent time bin durations to obtain good
statistics in the spectra and to take into account the sub-structures
in the light curve. We then used two different spectral models
to fit the observed data, a classical Band spectrum (Band et al.
1993), and a blackbody with a power-law component.

To obtain more accurate constraints on the spectral parame-
ters, we made a joint fit considering the observations from both
the n4 NaI and the b0 BGO detectors, covering a wider energy
range in this way, from 8 keV to 40 MeV. To avoid some bias
from low-photon statistics, we considered an energy upper limit
of the value of 10 MeV. We report in the last three columns of
Table 5 the spectral analysis performed in the energy range of the
BATSE LAD instrument (20–1900 keV), as analyzed in Ryde
& Pe’er (2009) as a comparison tool with the results described
in that paper. Our analysis is summarized in Figs. 16, 17, and
in Table 5, where we report the residual ratio diagram and the
reduced-χ2 values for the spectral models.

We conclude that both the Band and the proposed black-
body + power-law spectral models fit the observed data very
well. Particularly interesting is the clear evolution in the time-
resolved spectra, which corresponds to the blackbody and
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Table 5. Time-resolved spectral analysis of the first episode in GRB 090618.

Time α β E0 (keV) χ̃2
BAND kT (keV) γ χ̃2

BB+po kTLAD (keV) γLAD χ̃2
BB+po,LAD

A:0–5 –0.45 ± 0.11 –2.89 ± 0.78 208.9 ± 36.13 0.93 59.86 ± 2.72 1.62 ± 0.07 1.07 52.52 ± 23.63 1.42 ± 0.06 0.93
B:5–10 –0.16 ± 0.17 –2.34 ± 0.18 89.84 ± 17.69 1.14 37.57 ± 1.76 1.56 ± 0.05 1.36 37.39 ± 2.46 1.55 ± 0.06 1.27
C:10–17 –0.74 ± 0.08 –3.36 ± 1.34 149.7 ± 21.1 0.98 34.90 ± 1.63 1.72 ± 0.05 1.20 36.89 ± 2.40 1.75 ± 0.06 1.10
D:17–23 –0.51 ± 0.17 –2.56 ± 0.26 75.57 ± 16.35 1.11 25.47 ± 1.38 1.75 ± 0.06 1.19 25.70 ± 1.76 1.75 ± 0.08 1.19
E:23–31 –0.93 ± 0.13 unconstr. 104.7 ± 21.29 1.08 23.75 ± 1.68 1.93 ± 0.10 1.13 24.45 ± 2.24 1.95 ± 0.12 1.31
F:31–39 –1.27 ± 0.28 –3.20 ± 1.00 113.28 ± 64.7 1.17 18.44 ± 1.46 2.77 ± 0.83 1.10 18.69 ± 1.89 4.69 ± 4.2 1.08
G:39–49 –3.62 ± 1.00 –2.19 ± 0.17 57.48 ± 50.0 1.15 14.03 ± 2.35 3.20 ± 1.38 1.10 14.71 ± 3.52 3.06 ± 3.50 1.09

Notes. We considered seven time intervals and used two spectral models, whose best-fit parameters are shown here. The last three columns, marked
with a LAD subscript, report the same analysis but in the energy range 20−1900 keV, which is the same energy range of the BATSE-LAD detector
as used in the work of Ryde & Pe’er (2009).

Fig. 17. Evolution of the kT observed temperature of the blackbody
component and the corresponding evolution of the power-law photon
index. The blue line in the upper panel corresponds to the fit of the time
evolution of the temperature with a broken power-law function. It shows
a break time tb around 11 s after the trigger time, as obtained from the
fitting procedure.

power-law component, see Fig. 16. The kT parameter of the
blackbody, in particular, presents a strong decay, with a tempo-
ral behavior well-described by a double broken power-law func-
tion, see upper panel in Fig. 17. From a fitting procedure we
obtain that the best fit (R2-statistic = 0.992) for the two decay
indexes for the temperature variation are akT = −0.33 ± 0.07

and bkT = −0.57 ± 0.11. In Ryde & Pe’er (2009) an aver-
age value for these parameters on a set of 49 GRBs is given:
〈akT 〉 = −0.07 ± 0.19 and 〈bkT 〉 = −0.68 ± 0.24. We note,
however, that in the sample considered in Ryde & Pe’er (2009)
only few bursts shows a break time around 10 s, as in our case,
see Fig. 17. Two of these bursts present many similarities with
our source GRB 090618: GRB 930214 and GRB 990102. These
bursts are characterized by a simple FRED pulse, whose total du-
ration is ∼40 s, quite close to the one corresponding to the first
episode of GRB 090618. The break time tb in these two bursts
are at 12.9 and 8.1 s respectively, while the decay indexes are
akT = −0.25±0.02 and bkT = −0.78±0.04 for GRB 930214 and
akT = −0.36±0.03 and bkT = −0.64±0.04 for GRB 990102, see
Table 1 in Ryde & Pe’er (2009), which agrees very well with the
values observed for the first episode of GRB 090618. We con-
clude that the values we observe in GRB 090618 are very close
to the values of these two bursts. We return to compare and con-
trast our results with the other sources considered in Ryde &
Pe’er (2009), and GRB 970828 (Pe’er et al. 2007) in a forth-
coming publication.

The results presented in Figs. 16, 17, and Table 5, point to
a rapid cooling of the thermal emission with time of the first
episode. The evolution of the corresponding power-law spectral
component also appears to be strictly related to the change of the
temperature kT . The power-law γ index falls, or softens, with
temperature, see Fig. 16. An interesting feature appears to occur
at the transition of the two power-laws describing the observed
decrease of the temperature. The long time lag observed in the
first episode that we reported in Sect. 6.1 has a clear explanation
in the power-law behavior of the temperature and corresponding
evolution of the photon index γ, Figs. 16 and 17.

7.2. The radius of the emitting region

We turn now to estimate an additional crucial parameter for the
identifying of the nature of the blackbody component: the radius
of the emitter rem. We have proved that the first episode is not
an independent GRB and not part of a GRB. We can therefore
provide the estimate of the emitter radius from non-relativistic
considerations, just corrected for the cosmological redshift z. We
have, in fact, that the temperature of the emitter Tem = Tobs(1 +
z), and that the luminosity of the emitter, due to the blackbody
emission, is

L = 4πr2
emσT 4

em = 4πr2
emσT 4

obs(1 + z)4, (6)

where rem is the emitter radius and σ is the Stefan-Boltzmann
constant. From the luminosity distance definition, we also have
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Fig. 18. Evolution of the first episode emitter radius, as given by Eq. (8).

that the observed flux φobs is given by

φobs =
L

4πD2
=

r2
emσT 4

obs(1 + z)4

D2
· (7)

We then obtain

rem =

⎛⎜⎜⎜⎜⎝ φobs

σT 4
ob

⎞⎟⎟⎟⎟⎠
1/2

D
(1 + z)2

· (8)

The above radius differs from the radius rph given in Eq. (1) of
Ryde & Pe’er (2009), which was also clearly obtained by in-
terpreting the early evolution of GRB 970828 as belonging to
the photospheric emission of a GRB and assuming a relativistic
expansion with a Lorentz gamma factor Γ

rph = R̂D

(
Γ

(1.06)(1+ z)2

)
, (9)

where R̂ =
(
φobs/(σT 4

ob)
)1/2

and the prefactor 1.06 arises from
the dependence of rph on the angle of sight (Pe’er 2008). Typical
values of rph are at least two orders of magnitude higher than our
radius rem. We will return to the analysis of GRB 970828 in a
forthcoming paper.

Assuming a standard cosmological model (H0 =
70 km s−1 Mpc−1, Ωm = 0.27 and ΩΛ = 0.73) for estimat-
ing the luminosity distance D, and using the values for the
observed flux φobs and the temperature kTobs, we give in Fig. 18
the evolution of the surface radius that emits the blackbody rem
as a function of time.

Assuming an exponential evolution with time tδ of the ra-
dius in the comoving frame, we obtain the value δ = 0.59± 0.11
from a fitting procedure, which is well compatible with δ = 0.5.
We also notice a steeper behavior for the variation of the ra-
dius with time corresponding to the first 10 s, which corresponds
to the emission before the break of the double power-law be-
havior of the temperature. We estimate an average velocity of
v̄ = 4067±918 km s−1, R2 = 0.91, in these first 10 s of emission.
In episode 1 the observations lead to a core of an initial radius
of ∼12 000 km expanding in the early phase with a higher initial
velocity of ∼4000 km s−1. The effective Lorentz Γ factor is very
low, Γ − 1 ∼ 10−5.

8. Conclusions

GRB 090618 is one of the closest (z = 0.54) and most ener-
getic (Eiso = 2.9 × 1053 erg) GRBs up to date. It has been ob-
served simultaneously by the largest number of X and γ ray tele-
scopes: Fermi, Swift, AGILE, Konus-WIND, Suzaku-WAM, and
the CORONAS-PHOTON-RT2. These circumstances have pro-
duced an unprecedented set of high-quality data as well as the
coverage of the instantaneous spectral properties and of the time
variability in luminosity of selected bandwidth of the source, see
e.g. Figs. 1 and 2. In addition, there is also the possibility of iden-
tifying an underlying supernova event from the optical observa-
tions in the light curve of well-defined bumps, as well as from
the corresponding change in color after about 10 days from the
main event (Cano et al. 2011). Unfortunately, a spectroscopic
confirmation of this supernova is lacking. We have restricted our
attention in this paper to the sole X- and γ-ray emission of the
GRB, without addressing the possible supernova component.

By applying our analysis within the fireshell scenario, see
Sect. 4, we gained supporting evidence that GRB 090618 is in-
deed composed of two different episodes (Ruffini et al. 2010a):
episode 1, lasting from 0 to 50 s, and episode 2 from 50 s to
151 s after the trigger time. We also illustrated the recent con-
clusions presented in Ruffini et al. (2011) that episode 1 can-
not be a GRB or part of a GRB, see Sect. 5. With a time-
resolved spectral analysis we fitted the instantaneous spectra
with a blackbody plus an extra power-law component. The tem-
perature of the blackbody appears to have a regular dependence
with time, described by two power-law functions: a first power-
law with decay index akT = −0.33 ± 0.07 and the second one
with bkT = −0.57±0.11, see Sect. 7. All these features precisely
follow some of the results obtained by Felix Ryde and his col-
laborators (Ryde & Pe’er 2009), who analyzed selected temporal
episodes in some GRBs observed by BATSE.

We also examined with particular attention, see Sect. 6, the
radius rem of the blackbody emitter observed in the first episode,
given by Eq. (8). We interpreted the nature of this episode 1 as
originating from what we have defined as a proto-black hole
(Ruffini et al. 2010a): the collapsing bare core leading to the
black hole formation. Within this interpretation, the radius rem
depends only on the observed energy flux of the blackbody com-
ponent φobs, the temperature kT and on the luminosity distance
of the source D. We obtained a radius of the emitting region that
smoothly varies between ∼12 000 and 70 000 km, see Fig. 18.
Other interpretations associating the origin of this early emission
to the GRB main event (Pe’er et al. 2007) lead to a different def-
inition for the radius of the blackbody emitter, which results to
be larger than our radius by at least two orders of magnitude. We
are planning a systematic search for other systems that present
these particular features.

Episode 2 is identified as a canonical long GRB that orig-
inates from the black hole formation process and lasts in ar-
rival time from 50 s to 151 s after the trigger time. The good
quality of the data allowed us to search for the P-GRB signa-
ture in the early emission of the episode 2. From a detailed
analysis we find that the first 4 s of episode 2 agree well with
the theoretically predicted P-GRB emission, see Sect. 5.2. The
observed spectrum integrated over these 4 s is well-fitted by a
blackbody with an extra power-law component, where this latter
component is mainly due to the early emission of the extended-
afterglow, see Fig. 8. From the temperature observed in the
P-GRB, kTPGRB = 29.22 ± 2.21, and the Ee+e−

tot energy of the
second episode, which we assumed to be equal to the isotropic
equivalent energy of this episode, Ee+e−

tot = 2.49 × 1053 erg, we
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obtained the value of the baryon load of the GRB, see also Fig. 4,
B = (1.98 ± 0.15) × 10−3, and a consequent Lorentz Γ factor at
the transparency of Γ◦ = 495± 40. We were able to simulate the
temporal and spectral emission of the second episode as seen
by the Fermi-GBM instrument (8 keV–10 MeV). As we showed
in Fig. 12, our simulation succeeds in fitting the light curves as
well as the spectral energy distribution emitted in the first main
spike of the second episode. The residual emission of the last
spikes is reasonably well-fitted, taking into account the difficul-
ties in integrating the equations of motion, which after the first
interactions of the fireshell with the CBM become hardly pre-
dictable. The energetic of the simulation is fulfilled and we find
that the emission is caused by blobs of matter in the CBM with
typical dimensions of rbl = 1016 cm and average density con-
trast δn/n 
 2 particles/cm3 in an overall average density of
1 particle/cm3. We need to find additional cases of these phe-
nomena to augment our statistics and improve our understanding
of it.

Particularly relevant are the first two-dimensional hydrody-
namical simulations of the progenitor evolution of a 23 M� star
close to core-collapse, leading to a naked core, as shown in the
recent work of Arnett and Meakin (Arnett & Meakin 2011). In
that work, pronounced asymmetries and strong dynamical inter-
actions between burning shells are seen: the dynamical behav-
ior proceeds to high amplitudes, enlarging deviations from the
spherical symmetry in the burning shells. It is highly desirable
to find a possible connection between the proto-black-hole con-
cept, introduced in this work, with the Arnett and Meakin results:
to compare the radius, the temperature, and the dynamics of the
core we found in the present work with the naked core obtained
by Arnett and Meakin from the thermonuclear evolution of the
progenitor star. Particularly relevant are the strong waves dur-
ing this phase of collapse, which originate in the mixing of the
different elements’ shells. These waves should become able to
compress, as they propagate inward, but they should also dissi-
pate in non-convective regions, causing heating and slow mix-
ing in these regions of the star. Since the wave heating is faster
than radiative diffusion (which is very slow), an expansion phase
of the boundary layers will occur, while the iron (Fe) core will
contract (Arnett & Meakin 2011). There is also the interesting
possibility that the CBM clouds observed in GRBs might be re-
lated to the vigorous dynamics in the violent activity of matter
ejected in the evolution of the original massive star, well before
the formation of the naked core (Arnett, priv. comm.).

It is appropriate to emphasize that these results have no re-
lation with the study of precursors in GRBs performed in the
current literature (see e.g. Burlon et al. 2008, and references
therein). Episodes 1 and 2 are not temporally separated by a qui-
escent time. The spectral feature of episodes 1 and 2 are strik-
ingly different and, moreover, episode 1 is very energetic, which
is quite unusual for a typical precursor event. We finally con-
clude that for the first time we witness the process of formation
of the black hole from the phases just preceding the gravitational
collapse all the way up to the GRB emission.

There is now evidence that the proto black hole forma-
tion has been observed also in other GRB sources. After the
submission of this article a second example has been found
in GRB 101023, and a paper about this source was submitted
on 4 November 2011 and was published on 1 February 2012
(Penacchioni et al. 2012). There, extremely novel considerations
concerning the structure of the late phase of the emission in
X-ray at times longer than 200 s have been presented which favor
a standard signature in these sources (see also the considerations

made in Page et al. 2011). The possible use of this new family
of GRBs as distance indicators is being considered.
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