General outline of my talks

1) Gamma Ray Bursts: the observational pillars after two decades of observations

Global observational properties of GRBs in the frequency/
time domain (prompt and afterglow — long and short), their
typical energetics, distance scale, spectral properties etc.

2) Theoretical picture: the standard model from its foundation to the latest debates

The standard model, progenitor, energy extraction
mechanism, hydrodynamic of the fireball, radiative
mechanism. Its developement and the present issues.

3) Gamma Ray Bursts in the cosmological context: present status, issues and
perspectives
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~118 models in 1993!

Nemiroff, R. J 99: omments on Astro

Fireball model with internal and external shocks
(> 1992: Paczynsky, Rees, Cavallo, Goodman,
Meszaros, Piran ... + almost everybody)

2. Fireshell model (Ruffini and collaborators > 2000)
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Temporal

Spectral

GRB Part-I (obs): take home list

Afterglow emission:

Prompt emission:

-

® N o !

2 populations: short/long
Highly variable (few ms)
Quiescent phases (shut down)

Featureless, non-thermal spectra
(but 5% pure planck)

Most photons 300 keV (peak energy)
Extended/delayed emission @ GeV
Epcax o E2:> (long NOT short)

18O

Epecax o L2° (long AND short)

1SO

vk NE

N

Different slopes (mostly in X-ray)
Optical/NIR more canonical
40-50% Dark in Optical

Late time flares

Featureless, with breaks at
characteristic frequencies
Self absorbed in Radio (few)
Eafterglow ~ 0.1 Eprompt

Hosts & Progenitors:

SF galaxies (irr for long all types for
short)

Central regions or in ass with SF
regions within the hosts

A dozen of long associated with
broad lined SN Ibc

No SN associated with short



GRBs are relativistic sources

the compactness argument
(e.g. Sari & Piran 1999, Lithwick & Sari, 2001 )

-~ Y rays with most typically > 0.5 MeV
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GRBs are relativistic sources

the compactness argument
(e.g. Sari & Piran 1999, Lithwick & Sari, 2001 )

-~ Y rays with most typically > 0.5 MeV

- AEmission varies on small timescales:

: 511

The probability of y—y processes is
high in a small region with high
/ \ energy density i.e. photons
e e’



Compactness argument
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No photon can escape = converted in pairs

Spectrum = dropout at E>2m _c?



Relativistic corrections
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One of the first direct proof of I >1
t*~ 14

Radio Scinitillation Y
produced by Galactic clouds ErSE
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How much relativistic? A lot but <not so much>
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Temporal

Spectral

GRB Part-I: ingredients of fireball model

Prompt emission:

-

® N o !

2 populations: short/long
Highly variable (few ms)
Quiescent phases (shut down)

Featureless, non-thermal spectra
(but 5% pure planck)

Most photons 300 keV (peak energy)

Extended/delayed emission @ GeV
Epcax o E2:> (long NOT short)

18O

Epecax o L2° (long AND short)

1SO

Global properties:

1.
2.

Energetics (isotropic equiv.)> 10°%>° erg

Relativistic outflows = I" ~ 100

Afterglow emission:

vk NE

N

Different slopes (mostly in X-ray)
Optical/NIR more canonical
40-50% Dark in Optical

Late time flares

Featureless, with breaks at
characteristic frequencies
Self absorbed in Radio (few)
Eafterglow ~ 0.1 Eprompt

Hosts & Progenitors:

SF galaxies (irr for long all types for
short)

Central regions or in ass with SF
regions within the hosts

A dozen of long associated with
broad lined SN Ibc

No SN associated with short



Temporal

Spectral

GRB Part-I: ingredients of fireball model

Prompt emission:

o

® N o v

2 populations: short/long
Highly variable (few ms)
Quiescent phases (shut down)

Featureless, non-thermal spectra
(but 5% pure planck)

Most photons 300 keV (peak energy)

Extended/delayed emission @ GeV
Epeax o EY:5 (long NOT short)

15O

Epecax X L2 (long AND short)

1SO

Global properties:

1.
2.

Energetics (isotropic equiv.)> 10°%>° erg

Relativistic outflows = I" ~ 100

Variability + Energetics

+ Bulk Vel.

Afterglow emission:

Al S

o

Different slopes (mostly in X-ray)
Optical/NIR more canonical
40-50% Dark in Optical

Late time flares

Featureless, with breaks at
characteristic frequencies
Self absorbed in Radio (few)
Eafterglow ~ 0.1 Eprompt

Hosts & Progenitors:

SF galaxies (irr for long all types for
short)

Central regions or in ass with SF
regions within the hosts

A dozen of long associated with
broad lined SN Ibc

No SN associated with short



What any GRB model needs
Fireball

Hydrodynamic

, Radiation procs
Central engine



Cavallo & Rees 1986, Goodman

The standard model: Fireball 1986, Paczynsky 1990 ... +

E~10°erg

Meszaros & Rees 1997

Shells are optically thick. Internal pressure
(due to high energy density) drives the
acceleration and internal energy is

converted into kinetic energy.



Phase I: Internal pressure driven acceleration ()T, =T E,
N f =1, =
Adiabatic free expansion I Mc’
r m R (XJ
Energy conservation (ii) L', <Iy
Momentum conservation Tr~1
: > Time
baryon number conservation R
2 —
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The standard model: Fireball +

Shock transfers energy

to the particles and
E~10%2erg t} magnetic field
Most of the internal energy has been

converted into kinetic and the shell
with constant I




Phase I: Internal pressure driven acceleration

['«<R 'y =1, = E02
M,c

Since optically thick > BB

'R
-1
0 x R—3 Tph o« R
p < R™ When 1.~ 1 a Black body spectrum with T=T, emerges

Phase II: Coasting phase - Internal shock development

d d d
— C tig=Ry =

V, =V vV, B,

tIS

R, =~2T%c-6t=(6x10")I-6t, cm
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Photon Energ

INTERNAL SHOCKS:

Account for variability
timescale

The light curve reflects the
activity of the central engine

Central engine should be active

(and variable) for at least the
duration of the observed
emission

SYNCHROTRON

Accounts for observed prompt
spectral shape (hon—thermal)

[... but see later]



The standard model: Fireball + + External shock
GRB AFTERGLOW

Merged shells are
ecelerated by the ISM



Phase III: Deceleration - External shock development

Initial Explosion Energy: E, Swept-up mass: My, = 4am,ng x3/3

Baryonic mass mixed into explosion: M,

Density of surrounding medium=n, Ty M,,c? = Ep =M c?=

Deceleration radius

RY) E
x, =( 0 )7 =2.6x10"°(—2-)"" cm
4 m, c nyl, nyI5.,
I;,,=1,/300 Rees and Mészdros (1992)
Mészaros and Rees (1993)
Deceleration time
E
t,=(+2)—<4  =10(1+z) (—2)'"s
olo€ Mol 300

(characteristic of mean duration of GRBs)



The standard model: Fireball + + External shock
AFTERGLOW

E~10°2erg

Central
Engine
?2?

Internal Kinetic Electromag Electromag
Energy

IR —)




GRB - The Afterglow (spectrum)

.-:':.
" »
-
-

e
v
—
=
<
P
.
=

e
=Y}
C

i
14

Log Frequency (Hz)

Sari & Piran 1998




synChf'O'l'f'On | . ety |
GRBs - 2 phases ”

Ym>Ye*

All the electrons

cool down to y.:
fast cooling. Sari, Piran, & Narayan 1998

—(p—- slow cooling 1
A t>t,

Ye?>Ym®
Only electrons with

Y.>Y. can cool:
slow cooling.




Parameters regulating the emission

Afterglow model:
Hydrodynamic evolution of the fireball F(t) A R(t)

Synchrotron emission at the shock

Kinetic energy powering the expansion Ek:
External medium structure N X RS
Fraction of shock energy to electrons €e
Fraction of shock energy to magnetic field €B

Shock accelerated electrons energy distrib. N(’y) 0.¢ ’}/p



From the modling of the afterglow emission
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Energetics
ASSUMING ISOTROPY




..but is the energy really so huge?
N/
~»
“r,f \\"k Earth
/ \

Beamed ‘ é! ®
Earth

If the energy were beamed to 0.17% (6 ~ 5 deg) of the sky,
then the total enerqgy could be 1000 times less

= Implications for the energy budget
= Implications for the rate of GRBs



Jet effect
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Afterglow light curve presents achromatic break

Evidence |
is collimat
cert




Energy budget

GRB 980425
GRB 031203
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GRB Rates
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Parameters regulating the emission
Afterglow model:

Hydrodynamic evolution of the fireball P(t) A R(t)

Synchrotron emission at the shock

Kinetic energy powering the expansion Ek
External medium structure n o< R’
Fraction of shock energy to electrons €e
Fraction of shock energy to magnetic field tB

Shock accelerated electrons energy distrib. N(’y) X ’)/p
Jet opening angle ejet

Viewing angle with respect to the jet axis eview



Parameters regulating the emission
Afterglow model:

Hydrodynamic evolution of the fireball @ R(t)

Synchrotron emission at the shock

Kinetic energy powering the expansio

Dynamics
External medium structure
| and
Fraction of shock energy to electrons
Fraction of shock energy to magnetic Geo mEtry

Shock accelerated electrons energy distrib. N(W ) X ’)/p

Jet opening angle

Viewing angle with respect to the jet axis eview
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Temporal

Spectral

GRB Part-l: ingredients of progenitors

Prompt emission:

o

® N o v

2 populations: short/long
Highly variable (few ms)
Quiescent phases (shut down)

Featureless, non-thermal spectra
(but 5% pure planck)

Most photons 300 keV (peak energy)

Extended/delayed emission @ GeV
Epeax X E25 (long NOT short)

15O

Epcax X L2 (long AND short)

1SO

Global properties:

1.
2.

Energetics (isotropic equiv.)> 10°%>° erg

Relativistic outflows =2 I" ~ 100

Afterglow emission:

A

N9

Different slopes (mostly in X-ray)
Optical/NIR more canonical
40-50% Dark in Optical

Late time flares

Featureless, with breaks at
characteristic frequencies
Self absorbed in Radio (few)
Eafterglow ~ 0.1 Eprompt

Hosts & Progenitors:

SF galaxies (irr for long all types for
short)

Central regions or in ass with SF
regions within the hosts

A dozen of long associated with
broad lined SN Ibc

No SN associated with short



LONG GRBS



Pr'ogenitor's Hyperaccreting Black Holes LONG GRBS

Collapsar supported by:

1. SN association a

2. Tracing SF in hosts

few M,
. torus
3. Host properties \

RN * ¥’
W
!

collapsar =

rotating, collapsing
"failed” supernova

M. Ruffert, H.-Th. Janka, 1998
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Jet Models

« Baryonic jets
— Fireball, Thermal pressure

— Tangled magnetic fields generated locally V
by instabilities in shock. /‘\

Zhang&Meszaros 2004; Piran 2005
Medvedev&Loeb 1999;Nishikawa et al. 2003; Spitkovsky 2008

 Magnetized jets
— Rotating BH system, Magnetic pressure
— Threaded with globally ordered B-fields

Tchekhovskoy et al. 2008; Mckinney&Blandford 2009; Komissarov et al. 2009
Drekhahn&Spruit2002; Lyutikov 2006; Giannios 2008; Mimica et al. 2009;
Zhang&Yan 2011; Narayan et al. 2011; Granot 2012




Jet Models
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 Magnetized jets
— Rotating BH system, Magnetic pressure
— Threaded with globally ordered B-fields

Tchekhovskoy et al. 2008; Mckinney&Blandford 2009; Komissarov et al. 2009
Drekhahn&Spruit2002; Lyutikov 2006; Giannios 2008; Mimica et al. 2009;
Zhang&Yan 2011; Narayan et al. 2011; Granot 2012




Jet should breakout

) 50
Jet

In the collapsar model ~10 s from the
BH formation are needed for the
funnel to be escavated and the jet
launched and for it to break out the
star.

A fraction of the jet energy goes as
extra power in the SN explosion
(thus accounting for 1052 erg of GRB-
SN events)




SHORT GRBS

LONG GRBS




Main differences between short and long GRBs (II)

73 Long

17 Hete

.12
other

Still few Shor'T GRBs wn‘h meas'ur'ed r'edshlfTs to
mferj their N(z) N(L),

A\ L

Redshift
Ghirlanda et al. 2006

Short GRB




Pr'ogenitor's Hyperaccreting Black Holes SHORT GRBS

NS - NS

merger ~F
- VN
® ‘ ® Short
~__ (t<2s)

0.01 Mo\ / 0.1M,
torus torus
e D
merger
few M,
\ torus

P m,
Suppor"l'ed by:' . torus

N~

-Hosts (ass with older s'rellc*r' pop)

-Lower redshift N . ' » Long

-No SN associated | .k/‘_" W (t>25s)
¥’ | AN 4

collapsar =
rotating, collapsing
"failed” supernova

NS/BH - He core merger
after common envelope

M. Ruffert, H.-Th. Janka, 1998



Neutron star + Neutron star
Neutron star + Black hole
White dwarf + Black hole

@ o

Black hole + compact disk

My;~0.1—-1Mg Burst duration: 0.1s—1.0s

Released binding energy:
E; < 8x10%% +8 x 10°3erg

E4 < 0.42Myc? ~ 8 x 1053 (47t erg

tace ~ 0.1 (m)‘6/5 (%96/5 (




Different progenitor but similar mechanism
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Ghirlanda et al. 2009



Progenitors
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Energy source

Prol: natural from disk (known in SN)

Pro2: acceleration by int. P — accounts for BB spectra

\
‘ ‘ Pro3: can drill through the *
7

< \,\0" Consl: extreme energetics

ate time emission/extremely long GRB

prmittent mechanism

gh B and from start (i.e. Bamp at
2)

Pro2: naturally explain random prompt
(reconnection)

Pro3: high efficiency

Consl: non thermal emission

Cons2: need avaquated funnel



Prompt emission mechanism

t o 3(1 /100
O//}76°>\ tCOOl ~ 10—766( 2/ )
VMeV

Synchrotron has its problems

SEC

Ghirlanda+ 2002, 2009, Nava
+2011, Goldstein+2012
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Times: 11.008 - 11.392 s

Nal-0
Nal-1 C

BGO-0
BGO-1 ¢

LAT Back
LAT Front X

Ghirlanda+2003,
Ryde 2010+2010

-2 — 1
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Internal vs external shocks
Efficiency << Efficiency >
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GeV emission

Is GeV (observed by EGRET and Fermi/LAT)
emission produced by Internal or External Shocks?

FEBRUARY 17, 1994 BURST

(AeN) SIDHINI NOLOHd

TIME (SECONDS)



Afterglow & environment

Environment density profile:
(a) constant density (typical approx)

(b) Wind density profile (expect. theoretically)
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If Optical and X-ray are afterglow they
should be produced: Should decay the same way (even if

1. Same elect. Population spectral break in between is present)

2. Same region



