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Abstract—Long gamma-ray burst GRB 151027A was observed by all three detectors onboard the Swift
spacecraft, and many more, including MAXI, Konus-Wind and Fermi GBM/LAT instruments. This
revealed a complex structure of the prompt and afterglow emission, consisting of a double-peak gamma-
ray prompt with a quiescent period and a HRF/SXF within the X-ray afterglow, together with multiple
BB components seen within the time-resolved spectral analysis. These features, within the fireshell model,
are interpreted as the manifestation of the same physical process viewed at different angles with respect to
the HN ejecta. Here we present the time-resolved and time-integrated spectral analysis used to determine
the energy of the e~e* plasma E}. and the baryon load B. These quantities describe the dynamics of the
fireshell up to the transparency point. We proceed with the light-curve simulation from which CBM density
values and its inhomogeneities are deduced. We also investigate the properties of GRB 1402064, whose

prompt emission exhibits a similar structure.
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1. INTRODUCTION

Gamma-ray bursts (GRBs) are powerful explo-
sions in distant galaxies, having isotropic equiv-
alent energies Eis, ranging from 10%—10%* erg.
The duration of these transient sources in gamma-
rays spans from ms up to a few minutes, with few
GRBs lasting up to thousands of seconds (see,
e.g., [1, 2]). The burst duration parameter Ty is
measured as the time interval over which 90% of the
total background-subtracted counts are observed,
starting when the burst emits 5% of its total measured
counts. Bimodality of the Ty distribution observed

by CGRO/BATSE suggested that different emission
mechanisms take place for the two observed distribu-
tions. The duration was found to be correlated to the
hardness ratio for the entire set of the BATSE data,
but not correlated at all for either of the two observed
classes of GRBs. Since then, there has been a phe-
nomenological classification of GRBs into long and
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short ones, with the separation at about 2 seconds [3].
The division was still present if one inquired into their
rest frame properties, thanks to the X-ray and optical
observations of the GRB afterglows (e.g., see [4]).
Today it is generally accepted that the origin of the
short GRBs are compact star binary merges [5, 6].
Long GRBs on the other hand are associated with the
core-collapse of massive stars. This firm connection
is based on the observed spectroscopic supernova
(SN) signatures that emerge days later within the
optical afterglow light-curve (see, e.g., [7]). GRB
localization within their host galaxies further supports
this division. Some nearby short GRBs are found
in the early-type, low star formation rate galaxies or
in the low star formation rate regions of the star-
forming galaxies, with a large offset from the host.
Long GRBs, on the contrary, are commonly found
in the typically irregular galaxies with intense star
formation. Thus, long GRBs became traditionally
associated with the collapse of a single massive star to
a black hole (BH) [8]. Here, the existence of a single
ultra-relativistic collimated jet is assumed, where
internal or external shocks have a role in the prompt
phase emission (the fireball model, see, e.g., [9]).
However, there are still doubts regarding the central
engine (e.g., see [10] for the millisecond magnetar
model, and [11] for energetic arguments).
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Although the existence of the two classes is by
now well established, GRB classification based solely
on Tyy may not be sufficient. Firstly, there is a large
overlap in the two duration distributions (e.g., [12]).
Furthermore, Zhao et al. [13] showed that Ty dis-
tribution is still bimodal, but with ~3% of GRBs
exchanging classes, where short GRBs are becoming
the long ones and vice versa. While for the short
GRBs this is due to the boundary effect, the long ones
mostly have an unsuitably fitted background. These
ones also have the hardness ratio closer to the short
bursts. Ideally, the GRB classification method should
be free from the potential biases introduced by data
analysis, detector sensitivity, redshift measurements
and many more. Often that is not the case and prompt
emission quantites are very sensitive to the instru-
ment’s detection threshold [14]. For example, due
to the difference in the covered energy range and the
sensitivity, long bursts observed by Fermi Gamma-
ray Burst Monitor (GBM) have a much longer dura-
tion when observed with Swift Burst Alert Telescope
(BAT) [15]. The opposite happens in the case of
short GRBs. This can affect the derivation of the
isotropic energy. Shahmoradi & Nemiroff [16] found
that the ratio of the observed spectral peak energy
E, to the Ty is the least-biased GRB classification
method into two classes. Others find that the ratio
of isotropic gamma-ray energy (FEis,) and the rest-
frame peak spectral energy (FE, rf) is a more suited
parameter to distinguish between the Type I and the
Type 11 GRBs, where Typel/Il is a new, physically
motivated classification scheme based on origin [17].
Hints of a third peak within the Ty, distribution were
reported in various papers, suggesting a separate,
intermediate class of GRBs. Still, finding out that
additional parameters added to a nested model result
in a better fit does not mean that the improvement is
statistically significant (see, e.g.,[18]). In addition to
this intermediate class, it was proposed that ultra-
long GRBs, lasting for hours, may form a distinct
population with a blue supergiant as its progenitor
(see, e.g., [19]). Also, there is an open question
regarding the X-ray afterglow and whether it should,
based on its connection to the central engine, be
included in the prompt duration and isotropic energy
calculation [20]. In that case, the duration distri-
bution of GRBs should be recalculated. Therefore,
there is still an ongoing discussion in the scientific
community regarding the GRB classification and its
central engine.

In this work, we analyze GRB 151027A prompt
emission phase within the Induced Gravitational Col-
lapse (IGC) paradigm. In contrast to the standard

fireball/collapsar model, the IGC approach takes into

account that SNe Ib/c, associated with long GRBs,
mostly occur in double systems [21]. [t investigates
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the impact of the SNe remnant and its role in the
prompt emission formation. The starting point of
the IGC scenario is a binary system composed of a
neutron star (NS) and a carbon—oxygen (CO) core
undergoing a SN explosion. From here, a well-
determined time sequence is implied, with each stage
having distinctive observational properties. This ap-
proach then also addresses the multiple components
often found with the time-resolved analysis of long
GRBs.

After the SN explosion, hypercritical accretion
onto a NS takes place thanks to a very efficient
neutrino emission, which acts as the main en-
ergy sink [22]. A thermal emission often observed
in the early seconds of some long GRBs [23] is
here interpreted as the soft X-ray emission occur-
ring in the photosphere of the convective outflows
(see, e.g., [24]). This will trigger the NS to col-
lapse to a BH, if the accretion rate is high enough
(210721071 M s~1). If the accretion effectiveness
is under 102M, s, the NS will only gain mass.
The accretion rate is separation/period dependent,
where the separation of a > 10 c¢m is expected to
lead to the creation of a massive NS (MNS). GRBs
generated in this fashion are expected to differ in
properties. A MNS scenario is expected to produce
less energetic GRBs (<10°2 erg), so-called X-ray
flashes (XRFs) . On the other hand, interactions of
more tightly bound systems that result in the BH cre-
ation produce more energetic GRBs (>10°2 erg)[25],
having a distinct afterglow decay [26] and a possible
high energy GeV emission associated with the BH
formation.  Although, the detection of the latter
should depend on the inclination of the viewing
angle [27]. We address this subclass as binary-driven
hypernovae (BdHNe).

In the BdHNe case scenario, optically thick ete™
plasma of energy E'!is formed (the fireshell). 1t seli-
accelerates due to the eTe™ annihilation, similar as in
the fireball model [9]. Upon reaching transparency,
a second thermal emission (the P-GRB) can be ob-
served with high Lorentz factor of I' ~ 102—10%, in
contrast to the previous thermal emission which is
almost Newtonian. A shell of baryons, now optically
thin, collides with the circumburst medium (CBM),
giving rise to the ultra-relativistic prompt emission
(UPE). However, this is true only for a small cone
opening of ~10°, defined by the remnant morphol-
ogy [28]. The system is dynamical. Because of its
rotation (~300 s period), viewing angle with respect
to the SN remnant changes. Other areas have much
higher particle density due to the remnant. This gives
rise to the hard (HXF) and soft (SXF) X-ray flares
and the associated, final, extended thermal emission
(ETE), which analysis confirms the mildly-relativistic
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Fig. 1. GRB 151027A GBM-Nal (8—900 keV) light-curve. Two peaks of the UPE phase analyzed in this work are shown
on the left, with 17 s separation. The entire observed gamma-ray emission is showed on the right, with the HXF starting at

94 s.

regime of this episode. Relativistic treatment shows
that the ETE identifies the SN to hypernova (HN)
transition. Therefore, these events do not form a
causally connected sequence. For more detailed de-
scription of each stage, relativistic treatment, numer-
ical simulation results and the comparison between
the expected and the obtained properties of such sys-
tems, see the recent reviews [25, 29] and references
within.

GRB 151027A was detected by multiple obser-
vatories and has a vast number of follow-up obser-
vations. Thus, it is a good candidate for applying
the BdHNe approach, considering the models de-
pendence on the time-resolved and multi-wavelength
analysis. As said, here we concentrate on the mul-
tiple components in the UPE phase. We perform a
P-GRB search through the time-resolved analysis
and use simulation of the eTe™ plasma propagation
in order to determine the Lorentz factor and CBM
density associated with the UPE. We also investigate
the similarities between GRB 151027A and GRB
140206A.

2. TIME-INTEGRATED
AND TIME-RESOLVED ANALYSIS
OF FERMI/GBM DATA

At 3:58:24 UT, the Swift/BAT triggered and lo-
cated GRB 151027A (GCN 18478). The observed
light-curve shows two main episodes separated by
a quiescent period. The estimated Tyg in the (15—
350 keV) band was 130 seconds. Similar duration,
although a bit shorter, was reported by Konus-Wind
(GCN 18516) and Fermi/GBM (GCN 18492). Even
though the Fermi/LAT (Large Area Telescope) bore-
sight of the source was 10°, there was no detection of
high energy photons, suggesting that the line of sight
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lies in the equatorial plane of the binary system. Swift
X-ray telescope (XRT) began observing the field 87 s
after the trigger, reporting a classiclal FPA light-
curve. The first 25 seconds in gamma-rays corre-
spond to the UPE phasein the BdHNe approach. The
two peaks, about 8 s in duration (Fig. 1 on the left),
are thought to be directly connected to the central
engine activity. This activity is again visible later in
X-rays, in the form of the HXF (Fig. 1 on the right)
and the SXF.

The time-integrated and the time-resolved spec-
tral analysis was performed using the software pack-

age RMFIT! (version 4.3.2). Both peaks in the
UPE phase are best fitted by Compton, as re-
ported by the fFermi team, with parameters for
the first peak: E, | = 172.5(£19.3) keV and a1 =
—1.296(+0.056). Second peak parameters are simi-
lar, with E, = 147.4(4+46.2) keV and s
—1.356(£0.162). We calculate isotropic energy using

47Td2
(1+2)

where d? is the luminosity distance, (1+ 2) is the
correction factor for the cosmic time dilatation, and
Sho is the bolometric fluence in the 1/(1 + z) keV
to 10%/(1 + 2) keV frame. We determine Sy from a
given detection band (Epin, Fmax) using

Eiso = Sb017 (1)

104/(142)
f 1/(142)

[ B >

min

dE
) . (2)

Sbol = Pobs

'"RMFIT for GBM and LAT analysis was developed
by the GBM Team and is publicly available at

fermi.gsfc.nasa.gov/ssc/data/analysis
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Fig. 2. The observed and the simulated light-curve for the To 4+ 0.9 — Ty + 9.44 s interval of GRB 151027A. The dashed red

area marks the P-GRB interval.

Here, ¢ is the Compton model obtained from the
spectral fit and Sy = AtFyps, Where Fypg is the mean
energy flux during the time interval At over which
the spectral fit was derived. Considering the reported
redshiit of z = 0.81 (GCN 18487), isotropic energies
of the two peaks are: Fig, | = 7.26(£0.36) x 10°! and
Eigo, 9 = 4.99(0.60) x 10°L.

Finally, we perform a time-resolved analysis on the
two peaks. While the second peak appears to be fea-
tureless, we find an extra black body (BB) component
in the first second of the first peak, superimposed on
the previous Compton model. This corresponds to
the P-GRB emission, when the eTe™ plasma reaches
the transparency point [30]. The best fit model for
the T'— 0.1 — Ty + 0.9 s time interval was therefore
a Compton+BB, with k7" = 36.6(£+5.2) keV and an
energy Egg = 0.074(40.038) Eigo, 1.

3. LIGHT-CURVE AND SPECTRA
SIMULATION

Having calculated Eiy, ; and the P-GRB energy,
we could proceed to simulate the UPE light-curve
and spectra. This is done by solving the equations of
the dynamics of the eTe™ baryon plasma and its inter-
action with the CBM [31]. By doing this, we can eval-
uate the ultra-relativistic gamma factor of the UPE
at the transparency point and the CBM distribution.
Assuming that the initial et e~ energy E'°! is equal to
Ei, 1, Tor the observed P-GRB temperature we ob-
tain the baryon load B = 1.92(#0.35) x 10~2 and the
transparency radius of ry, = 1.92(£0.17) x 103 cm
with Lorenz factor I'g = 503(£76). Fitting the UPE
light-curve is done by varying the CBM density at

different distances. In the IGC paradigm, it is as-
sumed that this emission results from the interaction
of the accelerated baryons with the CBM. Agreement
with the observed light-curve (7T + 0.9 — Ty + 9.44 s,
see Fig. 2) and spectra (Fig. 3) was achieved for the
average CBM density of 7.46(41.2) cm™3. This is
consistent with the typical value of the long GRB host
galaxies 106 ¢m at radii.

4. OBSERVATIONS OF GRB 140206A

Similar to GRB 151027A, GRB 140206A was
observed by multiple detectors on various spacecrafts
including INTEGRAL (GCN 15785), Swift/BAT
(GCN 15784), and Fermi/GBM (GCN 15796).
Redshift was reported to be z = 2.73 (GCN 15800).
Unfortunately, INTEGRAL observations encountered
technical difficulties. The detection time coincided
with the very beginning of the INTEGRAL orbit, just
outside the radiation belts, making the data polluted
by a high particle background. Fermi/GBM didn’t
have more luck. Only the second peak of the GRB
has been detected in the GBM data because, during
the first peak, the source was occulted by Earth.
Therefore, a joined BAT/GBM analysis is needed in
the future in order to repeat the procedure as for GRB
151027A. The angle from the Fermi LAT boresight
was 123 degrees, too far for a meaningful detection of
high energy photons.

Nevertheless, BAT observed a multi-peaked
structure with a duration of about 90 seconds (Fig. 4).
The first pulse duration starts at ~7p — 15 and ends
at ~Tj + 25 seconds, and consists of roughly three
to four peaks. The second one starts at ~Tp + 50

ASTRONOMY REPORTS Vol.62 No. 12 2018
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Fig. 3. Simulated spectra of GRB 151027A, superimposed to the observed Fermi/GBM spectra. The interval of the time-

resolved analysis corresponds to the simulated UPE phase (Tp + 0.9 — Tp + 9.44 s). There is an agreement between the
observed peak spectral energies, where E; ops = 122.8 keV and E; sim = 121.9 keV.
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Fig. 4. Swift/BAT light-curve in different energy bands of GRB 140206A. Two pulses with the separation of 250 s are visible.

and ends at ~Tp + 90 seconds. There is also a third, XRT began observations 44 s after the BAT trig-
weaker pulse peaking at ~Tp + 210 seconds. ger. Light-curve has an initial flaring activity con-

ASTRONOMY REPORTS Vol.62 No. 12 2018
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Fig. 6. Best fitted spectral model (Band) for the GRB 140206A Ty interval. See the text for parameter values.

sisting of two spikes at about 61 s and 223 s after
the trigger. These flares coincide with the second
and the third observed gamma-ray spike. This shows
that the so-called classical prompt emission and the
X-ray afterglow can’t always be easily distinguished,
and that redefining the duration and Eis, parameters
should be considered.

A parallel can be drawn between GRB 140206A
and GRB 151027A. The first, occulted spike should
correspond to the double peak in GRB 151027A,
making it an UPE phase of GRB 140206A. The
second two peaks, also observed by XRT, should
be regarded as the HXF and the SXF within thee
BdHNe model. We decided to perform a time-
resolved analysis on the second spike using RMFIT
package (Fig. 5). We don’t find a BB component. Ad-
ditional analysis of the XRT data should be conducted

to investigate the possibility of a thermal signature
at lower energies. Band model was the best fitting
one (Fig. 6), with E, =123.4(+6.42) keV, a =
—0.075(£0.097), and 8 = —2.328(4+0.082). Fermi
team reported similar analysis results (GCN 15796).

5. CONCLUSION AND FUTURE WORK

There is still an ongoing discussion regarding the
GRB classification and the central engine activity
that powers them. In the IGC paradigm, the different
observational properties of long GRBs are a direct
consequence of the initial binary system separation
and the SN ejecta geometry. Based on the NS out-
come state, they are divided into the XRF and the
BdHNe, where the two are also separated by their
energetics and X-ray afterglow light-curves. In this

ASTRONOMY REPORTS Vol.62 No. 12 2018
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work we analyzed the GRB 151027A UPE phase and
confirmed its ultra-relativistic nature, deriving the
CBM density that surrounds the ejecta in the process.
The UPE, the HXFE, and the SXF are the result of the
same physical process of the BH formation and they
do not form a casually connected sequence. The time
difference between the UPE double component and
the flares observed in X-rays is then determined by
the propagation of the ete™ plasma through the SN
ejecta and the rotational period of the system.
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