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Gamma-Ray Bursts
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Short and Long GRB Families

Ruffini et al., ApJ (2015); arXiv: 1412.1018v4
Ruffini et al. ApJ (2015); arXiv:1405.5723

All GRBs are composite and originate from binary systems

Short GRBs
Binary ‘
progenitor NS-NS
SN never
Eaﬁwﬂ erg
BH I10 YfS
Hard YES YES
spectrum (E- <500 keV) (E->500 keV)
a<s<m a=m
X-ray _YES NO  YES
Afterglow (without scaling) (without scaling)
GeV NO NO YES
emission ‘ * +
Outcome NS BH BH+disk

(massive)

. YES
(without scaling)

Long GRBs

FeCO-NS

Y

always

Eio <10°2erg Eic >10%%2erg

NO YES
(X-ray flashes) (BdHNe)

NO YES
(E»<100 keV) (E->100 keV)

Y

(with scaling)

NO YES
(long-lived)
NS-NS BH-NS



Let’s start with short GRBs



Galactic Binary NSs: will they form BHs?
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Families of Short GRBs

4.0F O O Observed BNs |-
-=- M_.
, —n NS mass distribution in BNS peaks at
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Which are the mass and angular momentum of
the merged core?

Depends on:

1) Mass-ratio of the binary (M1/M2 ~1 for the galactc BNS)

2) Degree at which baryon and angular momentum are conserved
(mass and angular momentum loss, mass and angular momentum of

a surrounding disk):
(M,M,)) =2 (M,;,M,,) 2 M,=a (M_,+M,,); where a<=1

J..=mJ ~nl,, (contact); wheren <=1




Fraction of Systems
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Fate of the Merged
Core?

F-1S-GRB Rate: (1-10) GpcA/-3 y/-1
see, e.g., E. Berger, ARAA 52, 43 (2014)

F-2 S-GRB Rate: (0.2-6.2)x10" Gpc/-3 yA-1
Ruffini et al., ApJ (2015); arXiv: 1412.1018v4

Galactic BNS rate: (10-10000) Gpc~-3 yA-1
Abadie et al.; arXiv: 1003.2480

The relative rates:
F1SGRB/GBNS = 104-1
F2SGRB/GBNS = 2x10°- 6.2x10>
suggests quite large critical NS mass!




Oppenheimer & Volkoff (1939) versus
Today Neutron Stars

Oppenheimer-Volkoff Realistic Neutron Stars
Degenerate fluid of W Q Solid Cruet,
neutrons Nuclei+electrons

Non-strongly YEFGH el
Liquid Core:
n,p,e+ other
" degrees of
- freedom?

interacting neutrons

Non-rotating

Core-Crust

'-.‘ . \ ) - '-.‘ - "v e, 0
Peore = Prne ~ 2.7 x 10™ g/cm? S S Transition?



The Oppenheimer-Volkoff Neutron Star
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P [MeV fm "]

Constraining the nuclear EOS and Mass-Radius Relation
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NS EOS (Relativistic Mean-

M 38 | | T | |
Field-RMF- Models) NL3
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Rotating NS configurations: full rotation in GR

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 92, 023007 (2015); arXiv: 1506.05926)

ds* = —e¥dt* + ¢*¥ (dp — wdt)? + €** (dr® + r?dh?) T = (e + P)u®u” + Pg*”
1 Pi(1 2
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3.0

Rotating NS configurations: secular instability line

My = Mg (1 + kjl)

M= 0 RJ:0 MJ;tO RJ;tO fK p k

crit crit max max

Mg km Mg km  kHz

—— Static soquonce NL3 | 281 1349 || 3.38 17.35 134 || 1.68 0.006
— Keplerfan sequencel | GV | 239 1256 || 2.84 1612 149 || 1.69  0.011

Secular Instability

f=50 Hz 1 T™I | 220 1207 || 2.62 1598 140 || 1.61 0.017

14.4 14.6 14.8 15.
log(e./¢* [g em™])
Taken from Cipolletta, et al. PRD 92, 023007 (2015)
arXiv: 1506.05926



Rotating NS configurations: full rotation in GR

0.8F

1.5 — NL3
— TMI1
L|— GM1

—~ 0.6}

NL3 ||
TM1|]
GM1

FPS |7

a/M=cJ/(GM?

7 148 149 1o i 152 00—=F%5—T0 15 20 25 30 35

log(e/c? [gem ™)) M [M)]

Figures from Cipolletta, et al. PRD 92, 023007 (2015); arXiv: 1506.05926




NS Mass-Radius Relation: Observational Constraints
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Figure from Cipolletta, et al. PRD 92, 023007 (2015); arXiv: 1506.05926

Maximum NS mass observed:
2 Msun

(Antoniadis et al., Science (2013)

Fastest NS observed: =716 Hz
(Demorest et al., Science (2006)

Radii from X-ray emisison: mainly

from low-mass X-ray binaries

(LMXBs), and X-ray isolated NSs
(XINSs): shaded area

(Lattimer & Steiner, EPJ (2014)



Rotating NS: Deformation

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 92, 023007 (2015); arXiv: 1506.05926)
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Rotating NS configurations: quadrupole moment

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 2015; arXiv: 1506.05926)

4 1 1 1 . !stf 1 N
ME™ = M, — 5 (4 4+ b(}) 4?\_;[3: My = 2?.6(}3/0 (19—5’)4/0 Po(p')S,(s", 1)y
A

Pappas & Apostolatos, PRL 2012

1 1

1+ u? B 1
Zem? 5 (1= %) ] + T T e

1_u2—|—?'e [w T 3

1 1\ 1 1
2{1%6 (2u~+ )?,—Qv,u [ﬁw,u(l—uz)—#] }]
L P f 1
bD:_16 ff’?’;feq / sTds / dp/\/1 — (/2 P(s", p) e T2AT2 (1)

0

Sy, p) = e? [8W€2)‘(£ + P)




o

NS moment of inertia and quadrupole

moment
(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 92, 023007 (2015); arXiv: 1506.05926)

A A f=50Hz
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1
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1.0

i — Il{cplcrian scquenlce 1
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Neutron Star Binding Energy

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 2015; arXiv: 1506.05926)

Static Configurations

M, M 13 (M)Q

M., M. 200 \ M

cJ/(G M2 )

Rotating Configurations
M, M 13 (M 1 1/7>

2
M, M, ' 200 \ M, 130




| NS+NS=MNS

Secular Instability

Mass—Shedding

—  Class n=0.7 |]

— EOB 5-0.7

Class n=09

EOB 7=0.9

=

=

The starting
guestion was:
Fate of the
merged core?

In this example:

- EOS: GM1

- 70-90% of the angular momentum at
the merger assumed to be kept by the

new compact core

- 1.0 Msun < M1=M2 < 2.0 Msun



Now let’s turn to long GRBs



Induced Gravitational Collapse (IGC) Paradigm

Induced gravitational C(z]]ﬁpse (2006)

&

Ruffini et al. MG 1 1-Berlin (2006)



The Induced Gravitational Collapse

1/2
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_— cms
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orl M@

a

Two main-sequance stars

P -
o - -
Eta Carinae .
d
/7
Primary fills its Roche lobe //
/
/

Nomoto et al. o . ,

1994 I’
Iwamoto et al. Primary explodes as SN forming a NS |
|
1994 Cen X-3 I
Nomoto et al. 1
\

1995 \

\

X-ray binary phase \
\
\
\
N
N\
N
\ -
Common envelope : CO core-NS binary b 471_2(’3 - (MSN—prog s MNS )—1/2
= = = S
(’(MSN—prog P MNS) MO

. ®
Izzo, Rueda, Ruffini, A&AL (2012)

Rueda & Ruffini, ApJL (2012)

Secondary explodes as SN forming a NS



First estimates of the accretion process

Rueda &Ruffini, ApJ Lett. 758, L7 (2012) R 2G My Vel = m’ ry = .
lzzo, Rueda, Ruffini, A&A Lett. 548, L5 (2012) = 2, - ob " Ve

rel.ej

N N N The relative importance of the magnetosphere
A s\ \
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\ \ \ B°R
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AY \\.\ N S S, Y 8 Rm - ( - - ) .
NN e \ _ M \2G My
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See also Toropina, Romanova, Lovelace, MNRAS 420, 810 (2012)



Which is the initial mass of the
neutron star?

Which is the maximum stable
mass of a neutron star?




Improvements to the First IGC Scenario

- SN core density and SN initial velocity profiles from
numerical simulations

- SN core and NS masses from binary evolution codes

-  Hydrodynamics inside the Bondi accretion region: photon
trapping radius, neutrino emission

- Characteristic emission from the accretion process




Hypercritical Accretion

Conditions for Eddington limited accretion:
Potential energy is released in the form of photons
Inflowing material and outflowing radiation are spherically symmetric
Photons can flow and deposit momentum to the inflowing material

Opacity is dominated by electron scattering

NONE OF THE ABOVE CONDITIONS IS SATISFIED IN THE
IGC BINARY SYSTEM !




Binary Driven Hypercritical Accretion in the IGC

Convective Instabilities Photon

In Shocked Region - ":'_"j-.._“ Trapping Radius

Accretion
hock Radius

Orbital
Motion
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Flecta Zeldovich et al., Sov. Astron. (1972)
Ruffini & Wilson (1973)

Rueda & Ruffini, ApJL (2012)

Izzo, Rueda, Ruffini, A&AL (201 2)
Fryer, Rueda, Ruffini, ApJL (2014)
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Log density (g em™3)
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On the role of angular momentum in BdHNe
(Becerra, Cipolletta, Fryer, Rueda, Ruffini, ApJ 2015; arXiv: 1505.07580 )

Supernova _Ejected \\‘ . ) 2
~ . Material \ MB(r) — ﬂPEIRcap»\/ + C;ej
QGMNS (I)
cap( ) = 3
 + {‘S o

Pej(a) = pej(a)(l + €,y) and v(a) = ve(a)(l + €,y)

dLace = pei(@Viy(@) |y + (6, +26,))* | dydz

2
Neutron Star, 2GM
e ~ 2, 2 _ 2 NS )
orbit - YT =Ry =| 57— (1-4e)
' v, (a.r)



On the role of angular momentum in BdHNe
(Becerra, Cipolletta, Fryer, Rueda, Ruffini, ApJ 2015; arXiv:1505.07580)
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Mostly bound circular orbit around rotating NSs

(Cipolletta, Rueda, Ruffini, PRD, submitted)

9 Schw = 5.72 %
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Mostly bound circular orbit around rotating NSs

(Cipolletta, Rueda, Ruffini, PRD, submitted)
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NS evolution during
hypercritical accretion

Becerra, Cipolletta, Fryer, Rueda, Ruffini, ApJ 2015:
arXiv:1505.07580
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NS evolution up to the instability point
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Becerra, Cipolletta, Fryer, Rueda, Ruffini, ApJ 2015; arXiv: 1505.07580



On the role of angular momentum in BdHNe
(Becerra, Cipolletta, Fryer, Rueda, Ruffini, ApJ 2015; arXiv: 1505.07580 )

New formed black hole is not
maximally rotating (a/M=0.7)
—> angular momentum excess !
(then? Jetted emission? High-energy?)
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What’s next?
On the NS-BH binaries produced by BdHNe

(Fryer, Oliveira, Rueda, Ruffini, Phys. Rev. Lett., in press)
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What’s next?
On the NS-BH binaries produced by BdHNe

(Fryer, Oliveira, Rueda, Ruffini, Phys. Rev. Lett., in press)
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