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GRB classification:
a forensic investigations



Ep,l'Elso relatlons for short and Iong bursts [1-5]
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Is the classification really that simple?
Is this as much one can extract from y-rays and what about other energy bands?
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GeV emission fc_>r shlort and long bursts [6-9
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X-ray emission for short and long bursts
I
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Er.i-Eiso relations for short and long GRBs [3]

XRFs " BdHNe
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— S-GRF = short gamma-ray flash;
— S-GRB = authentic short GRB;

— XRF = X-ray flash;

— BdHN = binary-driven hypernova.

[3] Ruffini, R., Rueda, J.A., Muccino, M., et al. 2016 ApJ, 832, 136



The Induced Gravitational Collapse paradigm:
XRFs VS BdHNe
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The Induced Gravitational Collapse paradigm:
XRFs VS BdHNe
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The Induced Gravitational Collapse paradigm:
BdHNe
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The Induced Gravitational Collapse paradigm:
XRFs BdHNe
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The FPA phase in BdHNe
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The Induced Gravitational Collapse paradigm:
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In the IGC paradigm the 0.1-100 GeV emission correlates with the BH formation
and arises from the accretion process of matter bound to the new-born BH [3,6].



The merger paradigm:
S-GRFs VS S-GRBs
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The merger paradigm:
S-GRFs VS S-GRBs
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The merger paradigm:
S-GRFs VS S-GRBs
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The merger paradigm:
S-GRFs VS S-GRBs
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The 10°? erg lower limit in binary systems
leading to BH formation

The total energy released during the hypercritical accretion process onto a NS is given
by the gain of gravitational potential energy of the matter being accreted [3,21-25]:

- (ﬂ,}h _ MNS) 2= - (ﬂ?ﬂf_\lﬁ) 5. (f‘{ﬂfmg>
OJns / a oMy ) ;.

]

Where Lace ~ 0.1Mpc? ~ 10471051 erg s!
for My ~ 1076-10"2 Mg s!

The lower limit of 10° erg depends also on the yet unknown precise value of the NS
critical mass
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The GRB classification scheme [3;

The key recipe: binary systems as progenitors for both long and short bursts!

Long bursts Short bursts Hybrid long/short bursts
a—
Progenitor COcore—NS Coco—BH — == = b NS-NS I—F" NS-BH |_ == N5-WD
|
SN always always | never I never | never
&ﬂwﬂﬂm EB“‘W“HM Esaz10%erg Eso<10%arg
I |
Sub-class XRF BdHN BdHN I S5-GRF S-GRB U-GRB GRF
' / . R, | '
BH NO YES YES | NO YES | YES | NO
Y Y A b | '
Hard NO YES YES YES YES YES YES
spectrum {Ezs <200 keV) (Egi =200 keV) (Ezs =2 MeV) |  (E<2Mev) (Ees>2 MeV) | (Ees >2 MeV) | (Eps<2 MeV)
' Y ' Ly vy !
X-ray YES YES YES YES YES YES YES
(no scaling) (scaling) (scaling) | {no scaling) {no scaling) I {no scaling) I (no scaling)
v y v . ! !
GeV NO YES YES NO YES YES NO
v ' v by R, ' v
Outcome NS-NS NS-BH NS-BH | MNS KNBH | KNBH | MHNS
v N 7 R, vy |
Rate 66-145 0.69-0.86 2649 (0.8-3.7)x10" 0.69-0.86 0.52-1.73
{G chy- 1 ] I _______ I — — — — J — L L — — — _I _____ I

— To date no U-GRBs [26] have been identified and apart them
— only BdHNe (CO...—NS binaries) and S-GRB (NS-NS mergers) harbor BHs,
— GRF have been identified with short bursts with extended emission [27].

[26] Fryer, C. L., Oliveira, F. G., Rueda, J. A., & Ruffini, R. 2015, Physical Review Letters, 115, 231102.
[27] Norris, J. P., & Bonnell, J. T. 2006, ApJ, 643, 266



The GRB classification scheme
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S-GRBs
in the fireshell model



The GRB classification scheme [3;

The key recipe: binary systems as progenitors for both long and short bursts!
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From now on we now focus on S-GRBs which are the only class of observed
short GRBs produced in NS-NS mergers leading to the formation of a Kerr BH!



The S-GRBs in the E;.-Eis. plane [1-5
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The flreshell model [28—30] and the S- GRBs

/ Trasparency (P-GRB) energyls formed in the merger S
of two neutron stars (NS) leading to 1
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[28] Ruffini, R., Bianco, C. L., Fraschetti, F., Xue, S., & Chardonnet, P. 2001, ApJ, 555, L117
[29] Ruffini, R., Bianco, C. L., Fraschetti, F., Xue, S., & Chardonnet, P. 2001, ApJ, 555, L113
[30] Ruffini, R., Bianco, C. L., Fraschetti, F., Xue, S., & Chardonnet, P. 2001, ApJ, 555, L107



The space-time diaaram of S-GRBs [31]
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S-GRB 090227B

Muccino, M., Ruffini, R., Bianco,
et al. 2013,AplJ, 763, 125

S-GRB 140619B

Ruffini, R., Muccino, M., Kovacevic, M.,
et al. 2015, ApJ, 808, 190

S-GRB 090510

Ruffini, R., et al. 2016, ApJ, 831, 178;
arXiv:1607.02400

[32] Ackermann, M., Ajello, M., Asano, K., et al. 2013, ApJS, 209, 11
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S-GRBs within the fireshell model
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S-GRBs W|th|n the flreshell

fit al the light curve of GRE 0600278 ——
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S-GRBs within the fireshell model
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The GeV emission in S-GRBs [9]
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The GeV emission in S-GRBs [9]

GRB z E,. Eivo Emax  [min EpaT M Mo
(MeV) (1052 erg) (GeV) (1052 erg)  (Mgz) (M)

0810248 3.12 £ 1.82 0.56 494 264 £ 1.00 3 =779 22792098 =004 =041
0902278 1.61 £0.14 289+ 030 28.3X1.5 -

090510  0.903 +£0.003 T7.89+0.76 395+021 31 51 |2 5784060 =008 =086
54 | 245422 2006 =066
1406198 2.67+0.37 5344079 603+079 24 71 |2 2344091 2003 =035

T

> 5

140402A 5524093  6.1+1.6  47+1.1 3.7 =3
> 4

The accretion onto the new-born Kerr BH can explain GeV energy resevoir [8]
Epar = f, 'ne MJxc?

where f, = 1—-cosf® and n, = 42.3% or n_ = 3.8% for a Kerr BH [33].

All S-GRBs, apart the S-GRB 090227B which was outside the nominal LAT FoV,
exhibit GeV emission. This suggests that no beaming is necessary in S-GRBs (or
that the GeV emission comes from a large angle region), i.e., fi, = 1.

[33] Ruffini & Wheeler in Landau, L.D. & Lifshitz, E.M. 2003 “The classical theory of fields”, 4" revised edition, Butterworth-Heinemann (Oxford), 352



The GeV emission in S-GRBs [9]

GRB z E,. Eiso Emax  [min EpaT Mot Moo
(MeV) (1052 erg) (GeV) (1052 erg)  (Mgs)  (Mg)
081024B  3.124+1.82 956 +494 2.64+1.00 3 >779 [Z279+098 Z0.04 2041
090227B  1.61 £0.14 5.89+030 283+ 1.5 - - - - -
090510 0,903 +£0.003 T.891+0.76 3951021 31 = 5bl |=2 5.78 £ 0.60 "}u 0.0% E—: .86
140402A  5.52 +0.93 6.1+ 1.6 47+1.1 3.7 =354 | 2454+22 =006 =0.66
1406198  2.67+£0.37 5344079 6.03+0.79 24 >47T1 |2 23412091 003 =035

The accretion onto the new-born Kerr BH can explain GeV energy resevoir [8]

Evar = fo ne MIEC

acc™

where f, = 1—-cosf® and n, = 42.3% or n_ = 3.8% for a Kerr BH [33].

All S-GRBs, apart the S-GRB 090227B which was outside the nominal LAT FoV,
exhibit GeV emission. This suggests that no beaming is necessary in S-GRBs (or
that the GeV emission comes from a large angle region), i.e., fi, = 1.

From the pair production optical depth formula [34], for the GeV emission we
infer ', > 300: the outflow from the new-born BH is ultrarelativistic.

[33] Ruffini & Wheeler in Landau, L.D. & Lifshitz, E.M. 2003 “The classical theory of fields”, 4" revised edition, Butterworth-Heinemann (Oxford), 352
[34] Lithwick, Y., & Sari, R., 2001, AplJ, 555, 540



The GeV emission in S-GRBs [9]

GRB z E,. Eiso Emax  min ELAT Mot Mmoo
(MeV) (1052 erg) (GeV) (1052 erg)  (Mgs)  (Mg)
081024B 3.12+1.82 956+4.94 264+ 1.00 3 >779 [Z279+098 Z004 =041
090227B  1.61 £0.14 5.89+030 283+ 1.5 - - - - -
090510 0,903 +£0.003 T.891+0.76 3951021 31 = 5bl 2578060 =008 = 0.86
140402A  552+093  61+16  4T7T+1.1 3.7 =354 | >45+22 006 =0.66
1406198 2.67 £ 0.37 5.34 +£0.79 6.03x£0.79 24 =471 |2234£091 =003 2035

The accretion onto the new-born Kerr BH can explain GeV energy resevoir [8]

Evar = fo ne MIEC

acc™

where f, = 1—-cosf® and n, = 42.3% or n_ = 3.8% for a Kerr BH [33].

All S-GRBs, apart the S-GRB 090227B which was outside the nominal LAT FoV,
exhibit GeV emission. This suggests that no beaming is necessary in S-GRBs (or
that the GeV emission comes from a large angle region), i.e., fi, = 1.

From the pair production optical depth formula [34], for the GeV emission we
infer 'Y, > 300: the outflow from the new-born BH is ultrarelativistic.

The standard behavior of the GeV luminosity and values of the accreted mass
points to a commonality in the mass and spin of the new-born BH in all S-GRBs.

[33] Ruffini & Wheeler in Landau, L.D. & Lifshitz, E.M. 2003 “The classical theory of fields”, 4" revised edition, Butterworth-Heinemann (Oxford), 352
[34] Lithwick, Y., & Sari, R., 2001, AplJ, 555, 540
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The emission in gravitational waves (GW) 35

Summary of the observational properties of the 7 different burst sub-classes [3]

Sub-class In-state Out-state E,; (MeV) E;y, (erg) E;so x (erg) Eiso.Gev (e18) T pars (Gpe~3yr~1)
I XRFs COcore-NS vNS-NS <02 ~ 108102 ~ 10%-10" - 1.096 mn::;g
11 BdHNe CO.ore-NS  VNS-BH ~02-2 ~1052-10%  ~ 105'-10% s 1073 9.3 N
I BH-SN COcore-BH ~ vNS-BH =2 > 107 ~ 1071107 z 107 9.3 507719
LV S-GRFs NS-NS MNS <2 ~10%-1052  ~ 10*9_10°! = 2.609 35l
v S-GRBs NS-NS BH 22 ~ 1072-10™ < 107! ~ 10°2-10% 5.52 (1.93}1) x 107
VI U-GRBs vNS-BH BH 22 > 107 - - - =0T 0
VII  GRFs NS-WD MNS ~02-2 ~ 1052102 ~10*-10% - 2.31 1021
GW properties from the merger of the progenitors of short bursts [35]
&Ei.uﬂp ﬂ-El:uurgur fn:l.urg_u: fl.l:l:ll:l:l ::t:i d!“““ dow {}'-lf:“?}
(erg) (erg) (kHz) (kHz) (Mpc) 01 2022+
S-GRF 7.17 x 10%° 1.60 x 10%* 1.20 3.84 0.111 508.70 168.43 475.67
S-GRB 1.02 x 10°* 2.28 x 10°? 1.43 2.59 0.903 5841.80 226.62 640.18
U-GRB 1.02 x 10%* 2.03 x 107 0.98 2.30 0.169 BO4.57 235.62 665.72
U-GRB (BH-SN) 1.34 x 10°* 1.35 x 10%* 0.38 0.90 0.169 B04.57 362.27 1023.43

[35] Ruffini, R., Rodriguez, J., Muccino, M., Rueda, J. A., et al. 2016, arXiv:160203545



GRB rates vs aLIGO detections 35

How manv aLIGO detectlons are expected from the mferred GRB Iocal rates”
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GREB sub-class _-";’._—;RE (yr—1) Nebso = Ngbsn [ Tons (yr—1) Now = ;;._—;RBL';E;l'{}rr—i}
XRFs=s 144-T33 1 (1997-2014) undetectable
BdHNe 662—1120 14 (1997-2014) undetectahle
BH-SN < 662-1120 < 14 (1997-2014) undetectable
S-GRFs 58248 3 (2005—2014) O1: (0.4-8) =107
23 0.011-0.065
20224 0.1-0.2
5-GHEB= 25 1 (2006-2014) (1 {[].'—1—8}3(1[]_“

03: (0.08-1.2)x 10—

2022+: (0.8-3.6)x10~%
U-GRE= G62—1120 - 0O1: (0.36-3.6) x T

03: 0.008-0.032

20224 0.076—0.095
U-GRBs (BH-5N) < 662-1120 - O1: 0.0016—0.016

03: < 0.029-0.12

2022+: = 0.3-0.36
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[35] Ruffini, R., Rodriguez, J., Muccino, M., Rueda, J. A., et al. 2016, arXiv:160203545



Amplitude vs sensitivity
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Figure 1. Comparison of the signal’s ASD he/v/F of S-GRFs, 5GRBs and U-GRBEs with the noise's ASD /8, (f), where 5y is the power
spectrum density of the detector’s noise of eLISA, of al.IGO and of the bar detector NAUTILUS. The green lines, from top to bottom, are
the expected noise’s ASD of the N2ZAL, N2AZ and N2AL configurations of eLISA (Klein et al. 2016). The dashed and continuous blue lines
correspond to the noise’s ASD respectively of aLIGO O1 run (2015/2016) and of the expected al.IGO 2022+ run (Abbott et al. 2016), and
the cyvan line is the expected noise’s ASD of AdV (BNS-optimized: Abbott et al. 2016). The filled square indicates the noise’'s ASD of the
NAUTILUS resonant bar for a 1 ms GW burst {Astone et al. 2006, 2008). The red filled area indicates the region of undetectability by
any of the above instruments. We recall that in this plot the GW frequency is redshifted by a factor 1 4+ z with respect to the source frame
value, i.e. f = f. /(14 z). for which we use the cosmological redshift and cn-rrﬁpandmg luminosity distance of the closest observed source of
each sub-class (see Table 2). The following three curves correspond to the inspiral regime of the coalescence: S-GRFs with (1.4 + 1.4) Mg,
(solid curl.re]l ‘:—GR_EIE with (2.0 + 2.0) Mg {ahn:nrt dashed curve), U—'L’.HE with {1 5 + "!-D] MQ {dm.ted t:un'e} fmm out-states of BdHNe,

in the merger regime for S-GRFs, ‘EEGHB& U GI-LEIE fmm aut—sh::es n-fEIdH"\.e a.m:l - GHE& I’mm n-ut—amtes of BH-5Ne, respectively. The
first point is located at fmerger /(1 +2) and the second at faum /(14 2) (see Table 2). The down-arrows indicate that these estimates have to
be considered as upper limits since we have assumed that all the energy release in the system goes in GWs, which clearly overestimates the
W energy output in view of the dominance of the electromagnetic emission {see Table 3). We have also overestimated the GW energy in
the merger regime by using Eq. (%) which is the expected GW energy emitted in the plunge+merger+ringdown phases of a BH-BH merger.
For binary mergers involving N5s, as we have discussed in Sec. 2.3, the energy released in GWs must be necessarily lower than this value.




Conclusions

= All bursts originate from binary systems. Among the observed sources only BdHNe
(COcore—NS binaries) and S-GRB (NS—NS mergers) harbor BHs.

= All S-GRBs have similar values of the baryon load, the Lorentz factor at transparency
and the CBM density, i.e., B~10®, T'~10* (nCBM)~10°-10°cm™.

= All S-GRBs within the Fermi-LAT FoV exhibit GeV emission. Therefore no beaming is
necessary to explain the ultrarelativistic GeV emission (I':%, = 300) and starts after the
P-GRB emission. This points to the fact that this emission originates from the on-set
of the BH formation.

— The common power-law behavior of S-GRB GeV luminosities points to a common
mass and spin of the new-born BH and is in line with the expected NS mass in
binaries and the range of the NS critical mass 2.2-2.7 Msun .

= The GeV energy can be explained by the accretion of M=0.03—0.08 Msu» (or M=0.35-
0.86 Msun) for co- (or counter) rotating around an extreme Kerr BH. This can harbor
also r-process (Ruffini et al. 2014; Becerra et al. 2016).

= GWs might be detectable for S-GRBS at z<0.14 by the aLIGO 2022+ run. All S-GRBs
are at z=0.903, thus no GWs can be detected from these sources.
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Local rate estimates

Taking into account the observational constraints, i.e., the detector solid angle coverage
of the sky and sensitivities, which define a maximum volume of observation depending on
the intrinsic luminosity of the sources, we compute the local rates following Ref. [25]

Z‘“i“‘ 1 AN, AL
£0 = 0., lnl(}g(L)AlngL E’

i ]'Dg min

where  g(L) :f f(@) dV( )dz and dV(z) _ ¢ ndy :
g 154 & dz  Ho(1+22[Qu(l +2)* + Q41"
Ruffini et al. 2016 ApJ, 832, 136 LITERATURE
— XRFs: po = 10073;Gpc™ y~! > 16475Gpe ™y~ [a]

-1

_BdHNe: Po=0. 77008 OPC™ Y \#*'I‘Bjﬁ Gpey ' [b]
(U-GRBs)

- 5 0.8 Gpe™ y! [a]

-3
_S-GRFs: Po = 3.65;5 Gpc™ y -
\ 41733 Gpe? y' [c]
- S'GRBS: ,\OD = ( 9+l 8) & 10 Gpc y | 1.3 1.2 73 3 |
42713,3.9702,7.1322 Gpe y-

+0.71 -3 ..-1
— GRFs: po = 1.0275 4, Gpc™ y~ NEW! [a]
[a] Sun, H., Zhang, B., & Li, Z. 2015, ApJ, 812, 33
[b] Wanderman, D., & Piran, T. 2010, MNRAS, 406, 1944
[c] Wanderman, D., & Piran, T. 2015, MNRAS, 448, 3026




A particular BdHN:
GRB 110731A

(Daria Primorac's talk)



Does GRB 110731A belong to the BdHNe?
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Does GRB 110731A belong to the BdHNe?

1) EPISODE 1: not detected in view of the compactness of the COc.e—NS progenitor

2) EPISODE 2: fireshell simulation
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