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ABSTRACT

In a series of recent publications, scientists from ICRANet, led by professor Remo Ruffini, have
reached a novel comprehensive picture of gamma-ray bursts (GRBs) thanks to their development
of a series of new theoretical approaches. Among those, the induced gravitational collapse (IGC)
paradigm explains a class of energetic, long-duration GRBs associated with Ib/c supernovae (SN),
recently named binary-driven hypernovae (BdHNe).

BdHNe have a well defined set of observational features which allow to identify them. Among them,
the main two are: 1) long duration of the GRB explosion, namely larger than 2 s in the rest frame;
2) a total energy, released in all directions by the GRB explosion, larger than 1052 ergs.

A striking result is the observation, in the BdHNe sources, of a universal late time power-law decay
in the X-rays luminosity after 10* s, with typical decaying slope of ~ 1.5. This leads to the possible
establishment of a new distance indicator having redshift up to z ~ 8.

Thanks to this novel theoretical and observational understanding, it was possible for ICRANet sci-
entists to build the firstst BAdHNe catalog, composed by the 345 BdHNe identified up to the end of
2016.
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1. TOWARDS A FIRST CATALOG OF BINARY-DRIVEN
HYPERNOVAE

The first observations by the BATSE instrument on
board the Compton ~-ray Observatory satellite have ev-
idenced what has later become known as the prompt
radiation of GRBs. On the basis of their hardness as
well as their duration, GRBs were initially classified into
short and long in an epoch when their cosmological na-
ture was still being debated (Mazets et al. 1981; Klebe-
sadel 1992; Dezalay et al. 1992; Kouveliotou et al. 1993;
Tavani 1998).

The advent of the BeppoSAX satellite (Boella et al.
1997) introduced a new approach to GRBs by introduc-
ing joint observations in the X-rays and v-rays thanks
to its instruments: the Gamma-ray Burst Monitor (40—
700 keV), the Wide Field Cameras (2-26 keV), and the
Narrow Field Instruments (2-10 keV). The unexpected
discovery of a well separate component in the GRB soon
appeared: the afterglow, namely a radiation lasting up
to 10°-10° s after the emission of the prompt radiation
(see Costa et al. 1997a,b; Frontera et al. 1998, 2000; de
Pasquale et al. 2006). Beppo-SAX clearly indicated the
existence of a power law behavior in the late X-ray emis-
sion (LXRE).

The coming of the Swift satellite (Gehrels et al. 2004;
Evans et al. 2007, 2010), significantly extending the ob-
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servation energy band to the X-ray band thanks to its
X-ray Telescope (XRT band: 0.3-10 keV), has allowed
us for the first time to uncover the unexplored region be-
tween the end of the prompt radiation and the power-law
late X-ray behavior discovered by BeppoSAX: in some
long GRBs, a steep decay phase was observed leading to
a plateau followed then by a typical LXRE power law
behavior (Evans et al. 2007, 2010).

Recently, Pisani et al. (2013) noticed the unexpected
result that the LXREs of a “golden sample” (GS) of six
long, closeby (2 < 1), energetic (E;4, > 1052 erg) GRBs,
when moved in the rest-frame of the sources, were show-
ing a common power-law behavior (see Fig. 1), indepen-
dently from the isotropic energy F;s, coming from the
GRB prompt radiation (see Fig 2). More unexpected
was the fact that the plateau luminosity and duration
before merging in the common LXRE power-law behav-
ior were clearly functions of the F;g, (see Fig. 2, and
Ruffini et al. 2014c), while the late power-law remains
independent from the E;;, of the prompt emission (see
Fig. 1-2, and Pisani et al. 2013; Ruffini et al. 2014c).
For this reason, this striking scaling law has been used
as a distance indicator to independently estimate the cos-
mological redshift of some long GRBs by imposing the
overlap of their LXRE (see, e.g., Penacchioni et al. 2012,
2013; Ruffini et al. 2013b,c, 2014a), and also to predict,
ten days in advance, the observation of the typical op-
tical signature of the supernova SN 2013cq, associated
with GRB 130427A (Ruffini et al. 2015, 2013a; de Ugarte
Postigo et al. 2013; Levan et al. 2013).

All these analyses are based on the paradigms in-
troduced in Ruffini et al. (2001a) for the space-time
parametrization of the GRB phenomena, in Ruffini et al.
(2001Db) for the interpretation of the structure of the GRB
prompt radiation, and in Ruffini et al. (2001c¢) for the
induced gravitational collapse (IGC) mechanism, further
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Figure 1. Scaling law found in the isotropic X-ray late times
luminosity within the GS by Pisani et al. (2013). Despite the
different early behavior, the different light curves join all together
the same power law after a rest-frame time of ¢,.; ~ 2 X 104 s.
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Figure 2. Nested structure of the isotropic X-ray luminosity of

the BAHNe. This includes the previously mentioned scaling law of

the late power law and leads to an inverse proportionality between

the luminosity of the plateau and the rest-frame time delimiting

its end and the beginning of the late power law decay Ruffini et al.
(2014c).

developed in Ruffini et al. (2007),Rueda & Ruffini (2012),
Fryer et al. (2014), and Ruffini et al. (2016). In the
present case, the phenomenon points to an IGC occur-
ring when a tight binary system composed of a carbon-
oxygen core (COcore) undergoes a supernova (SN) ex-
plosion in the presence of a binary neutron star (NS)
companion (Ruffini et al. 2001b, 2007; Izzo et al. 2012;
Rueda & Ruffini 2012; Fryer et al. 2014; Ruffini et al.
2015). When the IGC leads the NS to accrete enough
matter and therefore to collapse to a black hole (BH),
the GRB shows a long duration, and its prompt emis-
sion overtakes the treshold value of 10°2 ergs. The overall
observed phenomenon is called binary-driven hypernova
(BAHN; Fryer et al. 2014; Ruffini et al. 2015, 2016).

A decisive further step has been the identification as a
BdHN of GRB 090423 (Ruffini et al. 2014b) at the ex-
tremely high redshift of z = 8.2 (Salvaterra et al. 2009;
Tanvir et al. 2009). On top of that, the LXRE of GRB
090423 overlaps entirely with the ones of the GS (see Fig.
3), extending such a scaling law up to extreme cosmologi-
cal distances. This result led to the necessity of checking
such an common behavior of the LXREs in BdHNe at
redshifts larger than z ~ 1.

1052E
1050+
S

AR

10% ¢

10%.
0E e

Rest—frame Luminosity (erg s~!)

1044 !

10 100 1000 10* 10° 106 107

Rest—frame time (s)

Figure 3. X-ray luminosity of GRB 090423 (black points) com-
pared with the one of GRB 090618 (green points), the prototype
BdHN, by Ruffini et al. (2014b).

In Pisani et al. (2016), we present an “enlarged sample”
(ES) of 161 BdHNe observed up to the end of 2015. In
this work we analysed the signatures contained in the
LXREs at t,f 2 10* s, where t, ¢ is the rest-frame time
after the initial GRB explosion. In particular, we probed
a further improvement for the presence of such an LXRE
universal behavior of BdHNe by the introduction of a
collimation effect within the emission mechanism.

In our recent work (Ruffini et al. 2017), we focused
on analyzing the early X-Ray Flares in the GRB flare-
plateau-afterglow (FPA) phase observed by Swift/XRT.
The FPA occurs only in the BAdHNe while is not present
in the other subclasses of GRBs, for details see Ruffini
et al. (2016). The sample presented in Table 9 of Ruffini
et al. (2017), namely an updated version of the ES up
to the end of 2016, together with the BdHNe lacking
LXRE data and the ones from the pre-Swift-era, counts
345 BdHNe in total. This represents the current BAHNe
catalog from ICRANet.

In the following, we present various insightful results
which ICRANet scientists gained from this catalog: in
Sections 2, 3, and 4, we describe how we built the ES
and we study the LXRE features within it; finally, in
Section 5 we refer to our up-to-date catalog of BdHNe
and we draw our perspectives.

2. THE FIRST ENLARGED SAMPLE OF BDHN

Starting from the GS originally presented in Pisani
et al. (2013), in Pisani et al. (2016) we have built a new
sample of BdHNe, which we called “enlarged sample”
(ES), under the following selection criteria:

e measured redshift z;
e GRB rest-frame duration larger than 2 s;
e isotropic energy s, larger than 10°2 erg; and

e presence of associated Swift/XRT data lasting at
least up to ¢,y = 104 s.

We collected 161 sources, satisfying our criteria, which
cover 11 years of Swift/XRT observations, up to the end
of 2015, see Table 2 of Pisani et al. (2016). The F;,
of each source has been estimated using the observed
redshift z together with the best-fit parameters of the
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Figure 4. Panel (a): LXRE luminosity light curves of all 161 sources of the ES (gray) compared with the ones of the GS: GRB 060729
(pink), GRB 061007 (black), GRB 080913B (blue), GRB 090618 (green), GRB 091127 (red), and GRB 111228 (cyan), plus GRB 130427A
(orange; from Pisani et al. 2016). Panel (b): power laws which best fit the luminosity light curves of the X-ray emissions of all 161 sources

of the ES (from Pisani et al. 2016).

~-ray spectrum published in the GCN circular archive’.
Most of of the ES sources, 102 out of 161, have y-ray
data observed by Fermi/GBM and Konus-WIND, which,
with their energy bands being 10-1000 keV and 20-2000
keV, respectively, lead to a solid estimate of the FE;g,,
computed in the “bolometric” 1-10? keV band (Bloom
et al. 2001). The remaining sources of the ES have had
their y-ray emission provided by Swift/BAT only, with
the unique exception of one source observed by HETE.
The energy bands of these two detectors, being 15-150
keV and 8-400 keV, respectively, lead to an estimate
of E;s, by extrapolation in the “bolometric” 1-10* keV
band (Bloom et al. 2001).

3. GOING TO THE REST-FRAME

We compare the Swift/XRT isotropic luminosity light
curve Ligo(ty¢) for 161 GRBs of the ES in the common
rest-frame energy range of 0.3—10 keV. We initially ad-
just the observed Swift/XRT flux fps as if it had been
observed in the 0.3—-10 keV rest-frame energy range. In
the detector frame, the 0.3—10 keV rest-frame energy
band becomes [0.3/(1+ z)] - [10/(1 + z)] keV, where z is
the measured redshift of the GRB. We assume a simple
power-law as the best fit for the spectral energy distri-
bution of the Swift/XRT data®:

dN
dAdtdE

Hence, we can calculate the flux light curve in the 0.3 -
10 keV rest-frame energy band, f,y, multiplying the ob-
served one, fops, by the k-correctionr:

x E77. (1)

10 keV 1
1 —
fo.leg:v E-7dE
_ 14z
frf - fobs 10 keV
0.3 keV

g =T @)

Then, to calculate the isotropic X-ray luminosity L;s,,
we need to multiply f,; by the spherical surface having
the luminosity distance as radius

Liso == 47le2(z)f7‘fa (3)

7 http://gen.gsfc.nasa.gov/gen3_archive.html
8 http://www.swift.ac.uk/

where we assume a standard cosmological ACDM model,
namely ,, = 0.27 and 2 = 0.73. In the end, we convert
the observed times into rest-frame times ¢, ¢:

tobs

trr = . 4
After, we fit the isotropic luminosity light-curve late

phase with a decaying power-law function defined as:

LiSO(tTf) = Lo tr;a ) (5)

where «, the power law index, is a positive number, and
Lg is the luminosity at a fixed time ¢, = ¢o after the
GRB initial explosion in the rest-frame of the source.
All the power-laws are shown in Fig. 4b. Fig. 5a shows
the distribution of the « indexes within the ES. This
distribution follows a Gaussian behavior having a mean
value of p, = 1.48 and a standard deviation of o, = 0.32.
The LXRE luminosity light curves of the ES in the 0.3—
10 keV rest-frame energy range are plotted in Fig. 4a,
together with the curves of the GS. Fig. 4a shows that
the power-laws within the ES span around two orders
of magnitude in luminosity. The spread of the LXRE
light curves in the ES is better shown off by Fig. 5b
which display the distribution within the ES of the LXRE
integrated energies Fpr defined as:

10%s
ELT = / Liso(trf) dtrf . (6)
104s

The solid red line in Fig. 5b is the Gaussian function
that best fits the late integrated energies Err in loga-
rithmic scale. Its mean value is prog, (£,+) = 51.40, and
its standard deviation is opeg, (B, ) = 0.47.

The LXRE power-law spread, given approximately by
20Log,,(Err) = 0.94, is larger than the one of the pre-
vious work of Pisani et al. (2013), which results as
20Log,,(ELr) = 0.56. This is certainly due to the im-
portant growth of the number of BdAHNe composing the
ES (161) in respect to the ones of the GS (6).

Moreover, there is no evidence for a correlation be-
tween the LXRE power-law behavior and the isotropic
energy radiated by the source during the GRB prompt
radiation (for details, see Pisani et al. 2016).
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Figure 5. Panel (a): distribution of the LXRE power law indexes o within the ES (cyan) compared to the one of the GS (red). Such a
distribution follows a Gaussian behavior (blue line) with a mean value of po = 1.48 and a standard deviation of oo = 0.32 (from Pisani
et al. 2016). Panel (b): probability distribution of the LXRE integrated energies within the time interval 104-108 s in the rest-frame
after the initial GRB trigger for all the sources of the ES (in green) compared with the GS (in blue). The solid red line represents the
Gaussian function which best fits the ES data in logarithmic scale. Its mean value is HLog,o(Err) = 91.40, while its standard deviation is

OLogyo(Eyp) = 0-47 (from Pisani et al. 2016).

4. COLLIMATION

In Pisani et al. (2016), we also proposed to reduce the
spread of the LXRE power laws within the ES by intro-
ducing a collimation effect in the emission mechanism.
In fact, if such a process is not isotropic, our estimates
for the LXRE luminosities are actually overestimations
of the intrinsic ones. By introducing a collimation ef-
fect, namely assuming that the LXREs are not radiated
isotropically but inside a double-cone region having half-
opening angle 6, we can compute the intrinsic LXRE
luminosity L, (trf) from the isotropic L;so(t,y):

Lintr(trf) = Liso(try) (1 — cosb). (7)

From Eq. 7, an angle 6 can be computed for each
source of the ES if an intrinsec universal LXRE light
curve Linsr(trf) is given. By assuming GRB 050525A,
which has the lowest luminosity within the ES, as our
sole “isotropic” LXRE source, we obtain the probabil-
ity distribution of the half-opening angle # within the
ES showed in Fig. 6a. The blue solid line represents a
logarithmic normal distribution, which best fits the data.
This distribution has a mode of Moy = 17.62°, a mean of
o = 30.05°, a median of Mey = 25.15°, and a standard
deviation of oy = 19.65°. In addition, it is possible to
verify that, by adjusting the L;s, (¢, ) light curve of each
ES source for its corresponding €, an overlap of the LXRE
luminosity light curves as good as the one seen in the GS
by Pisani et al. (2013) shown in Fig. 1 is obtained. Since
the LXRE follows a power-law behavior, we can evaluate
the tightness of the LXREs overlap estimating the corre-
lation coefficient p between all the luminosity light-curve
data points of the ES sources in log-log scale. Consider-
ing the data points of the LXRE power laws within the
10%-10% s time interval (the time interval where we de-
fined Err), we obtain p = —0.94 for the GS, p = —0.84
for the ES before the collimation effect correction, and
p = —0.97 after the collimation correction. Therefore,
assuming the collimation not only let the spread of the
LXREs within the ES decrease, but makes the LXREs
overlap even tighter than the one previously observed in
the GS. This leads to the possible establishment of a new

distance indicator, eventually useful to test the standard
cosmological ACDM model.

5. THE CURRENT BDHNE CATALOG

Thanks to the tremendous amount of work from
ICRANet scientists in the past years (Ruffini et al.
2001a,b,c, 2007; Rueda & Ruffini 2012; Izzo et al. 2012;
Fryer et al. 2014; Ruffini et al. 2015, 2016), today we
know that all the observed GRBs having long duration
and isotropic energy E;,, larger than 1052 erg are the
observational result of a BAHN phenomenon. There-
fore, these two signatures are necessary and sufficient to
identify a BAHN source. This holds also in the case it
was not possible to observe the other typical features of
the BdHNe following the GRB explosion, like: the FPA
structure in the X-rays; the LXRE in the X-rays; and the
associated Ib/c SN in the optical rays. In our recent work
(Ruffini et al. 2017), in order to focus our analysis on the
early X-Ray Flares in the FPA phase, we collected all
the BdHNe ever observed till the end of 2016, collecting
all the GRBs which satisfies the following criteria:

e measured redshift z;
e GRB rest-frame duration larger than 2 s;
e isotropic energy g, larger than 1052 erg.

The updated list presented in Table 9 of (Ruffini et al.
2017) is composed by 345 BdHNe, and represents the
current ICRANet catalog of BdHNe. The ES, updated
to the end of 2016, counts 182 BdHNe having Swift /XRT
data up to at least 10* s in the rest-frame after the initial
GRB explosion. It composes ~ 53% of the total BdHNe
catalog. Since the Swift satellite is operating since 2005,
we have an average of ~ 15 BdHNe per year having good
LXRE observations. Consequently, this representes the
expected rate of BdHNe which, in the near future, will
be useful to test the standard cosmological ACDM model
at redshifts up to z ~ 8.

This work made use of data supplied by the UK
Swift Science Data Center at the University of Leices-



EPJ Web of Conferences 168, 04002 (2018) https://doi.org/10.1051/epjcont/201816804002
Joint International Conference of ICGAC-XIII and IK-15 on Gravitation, Astrophysics and Cosmology

0.04
v
w
g
0.03 ~
>
o
-z
g 2
% |
S e}
2002 =
5 2z
= E
=
—
0.01 \ T
3
i:
(=}
~ o}
S 10%
0.00, T g 3 -
1 2 3 4 5 6 7 80 90 10 10 10 10

half—opening angle 4 (°) Rest—frame time (s)
() (b)

Figure 6. Left panel (a): probability distribution of the half-opening angle 6 within the ES. The blue solid line represents a logarithmic
normal distribution, which best fits the data. This distribution has a mode of Moy = 17.62°, a mean of uy = 30.05°, a median of
Meg = 25.15°, and a standard deviation of oy = 19.65° (from Pisani et al. 2016). Right panel (b): corrected LXRE luminosity light curves
of all 161 sources of the ES (gray) compared to the ones of the GS: GRB 060729 (pink), GRB 061007 (black), GRB 080913B (blue), GRB
090618 (green), GRB 091127 (red), and GRB 111228 (cyan), plus GRB 130427A (purple; Pisani et al. 2013; Ruffini et al. 2015). The black
dotted line represents the universal LXRE power law, namely the linear fit of the late emission of GRB 050525A (from Pisani et al. 2016).
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