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What is a gamma-ray burst?

Brief, intense ﬂashfamma—ray radliation
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GRB 130427A ’

Before and after Fermi LAT views of GRB 130427A, centered on the north galactic pole

Duration: a few ms up to hundreds of s
Fluence: ~107 - 10 erg cm=
Flux: ~10® - 104 ergcm= s

Energy range: ~ a few keV up to MeV



What is a gamma ray burst?
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GRB 13042_7‘A ’

Before and after Fermi LAT views of GRB 130427A, centered on the north galactic pole

Duration: a few ms up to hundreds of s
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Srief, mtense ﬂash Qf ga;;_;_.ma ray radiation

when you
observe a GRB

yOou are
observing ONE
GRB!!!



+ discovered in the ‘60s by B e e e 050
the Vela satellites (military |
program to monitor nuclear
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OBSERVATIONS OF GAMMA-RAY BURSTS OF COSMIC ORIGIN

Ray W. KiEBESADEL, AN B. STRONG, AND Roy A. OLsoN

Received 1973 March 16; revised 1973 April 2

ABSTRACT

* = Sixteen short bursts of photons in the energy range 0.2-1.5 MeV have been observed between
an n O u n Ce I n 1969 July and 1972 July using widely separated spacecraft. Burst durations ranged from less than
0.1 s to ~30 s, and time-integrated flux densities from ~10—5 ergs cm—2 to ~2 X 10—¢% ergs

cm—2 in the energy range given. Significant time structure within bursts was observed. Directional

information eliminates the Earth and Sun as sources.

Subject headings: gamma rays — X-rays — variable stars

2704 BATSE Gamma-Ray Bursts + BATSE instrument (CGRO,
TR e A L 1991): GRBs isotropically
distributed over the sky

so they are “likely”
extragalactic objects....

Fluence, 50-300 keV {(ergs cm™)




+ BeppoSAX (1996): discovery of counterpart and
localization

hey show long-lasting,
Multiwavelength emission
(X, OT, radio):
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2| | <Z> =2.1, Zmax=8.2

oA ... Thisimplies they are the most
e, IS T L pOwerful objects In the Universe
| \:” | — 400 (Ey"’ -IO 59 er g)




+ Too<? S
+ all type of galaxies (or hostless)
+ old stellar population
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Swift Mission
* Burst Alert Telescope (BAT)
- 15-150 keV [2004]
- FOV: 2 steradiants
- Centroid accuracy: 1" -4’

Gehrels et al. 2004

e X-Ray Telescope (XRT)
- 0.2-10.0 keV BAT
- FOV:23.6'x23.6°
— Centroid accuracy: 9"

e

/ \
7.
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* UV/Optical Telescope (UVOT) s Phe
- 30 cm telescope '

- Bfilters (170 nm - 600 nm)]

\
/1
- FOV:17'x 17’ / { \ Sy
- 24% mag sensitivity (1000 sec) /!\ =5-> I I

1

- £ XRT

— Centroid accuracy: 0.9”

Spacecraft

BAT Burst Image Image UVOT Image

-
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T<10s;: 6 <4’ 7<100s; 6<5” T<300 s;: 6 < 0.5”



0.3-10 keV .
4l + simple power-law decay at

all wavelengths
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0.3-10 keV =
+ complex behavior in 80% cases:

i = “canonical” light curve
(steep-shallow-steep)

= “flares” superimposed up
to ~ 1000s after the prompt
event in ~ 1/3 GRBs

Il = not expected by standard
10° 10° 10" 10° 10° 10 mOdel ! ! ! !

Time since trigger (s)




0.3-10 keV

+ complex behavior in 80% cases:

i = “canonical” light curve
(steep-shallow-steep)

= “flares” superimposed up
to ~ 1000s after the prompt
XRT data of GRB 061007 e\/ent |n ~ '1/3 GRBS

RGN = Not expected by standard
model!!l!

Y FLUX ( erg s em™ )

Blue: WT; Red: PC
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+ pbut still a fraction of simple
power-law decaying afterglows

0.3-10 keV flux (erg cm~2 s*
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1000 10* 10°
Time since BAT trigger (s)
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COMPACT OBJECT MERGER SCENARIO

1 Neutron stars

Black

Massive
star

HYPERNOVA/COLLAPSAR SCENARIO

The standard model

Shock

acceleration
Central engine

jets

AFTERGLOW

OF GAMMA RAYS

PRE-BURST

INTERNAL : EXTERNAL
SHOCKS SHOCKS

.

Faster Slower Highly beamed

gamma rays

Local
medium

THE FORMATION of a gamma-ray burst begins either with the rich in iron

merger of two neutron stars or with the collapse of a massive star.
Both these events create a black hole with a disk of material
around it. The hole-disk, in turn, pumps out a fireball at close to the
speed of light. Shock waves within this material give off radiation.
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COMPACT OBJECT MERGER SCENARIO

1 Neutron stars

Black

Massive
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Shock
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Faster Slower Highly beamed

gamma rays

Local
medium

THE FORMATION of a gamma-ray burst begins either with the rich in iron

merger of two neutron stars or with the collapse of a massive star.
Both these events create a black hole with a disk of material
around it. The hole-disk, in turn, pumps out a fireball at close to the
speed of light. Shock waves within this material give off radiation.
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The standard model

COMPACT OBJECT MERGER SCENARIO Sh OCk
et stars acceleration

Central engine
jets

AFTERGLOW

OF GAMMA RAYS

Black

PRE-BURST

INTERNAL : EXTERNAL
SHOCKS SHOCKS

.

ol Faster Slower Highly beamed
blob i gamma rays

Massive
star

Local
medium

"HE FORMATION of a gamma-ray burst begins either with the rich in iron
‘nerger of two neutron stars or with the collapse of a massive star.
Joth these events create a black hole with a disk of material

iround it. The hole-disk, in turn, pumps out a fireball at close to the

HYPERNOVA/COLLAPSAR SCENARIO ‘ ;peed of |Ight Shock waves within this material give off radiation.
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The standard model

COMPACT OBJECT MERGER SCENARIO ShOCk
acceleration

1 Neutron stars

Central engine
jets

AFTERGLOW

[

OF GAMMA RAYS

PRE-BURST

INTERNAL EXTERNAL
SHOCKS SHOCKS

|-

Faster ! Highly beamed
i gamma rays

internal shocks
o ~within the flow

Massive

star N Local
L medium
1 Afterglow rith the rich in iron
nassive star.
iaterial

it close to the
ff radiation.

Log(t)
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The standard model

COMPACT OBJECT MERGER SCENARIO Sh OCk
acceleration

1 Neutron stars

Central engine
jets

AFTERGLOW

OF GAMMA RAYS

PRE-BURST

INTERNAL EXTERNAL
SHOCKS SHOCKS

Faster . A Blobs Highly beamed
collide gamma rays

with the ambien

| AR medium
Massive ! a
star — ' N Local
; S AN medium
1 E- : Afterg rith the rich in iron
=) : nassive star.
- S \aterial
a- . it close to the
HYPERNOVA/COLLAPSAR SCENARIO . ff radiation.
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e e Log(t)
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The standard model

COMPACT OBJECT MERGER SCENARIO ShOCk
acceleration

1 Neutron stars

Central engine
jets

AFTERGLOW

e

OF GAMMA RAYS

PRE-BURST

INTERNAL EXTERNAL
SHOCKS SHOCKS

.

CENTRA Faster Slower Highly beamed
gamma rays

Massive
star — Local
medium
1 E’ Afterglow rith the rich in iron
E na:ss-lvle star.
o ilateria

it close to the

HYPERNOVA/COLLAPSAR SCENARIO ff radiation.
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What is the central engine of GRBs?

Black holes vs. Magnetars
+ GRB powered by accretion + highly rotating (P~1 ms), huge
magnetic field (B~10"™ G) =>
energy reservoir

+ contribution to GRB power
from spindown (~ hours)

+ produced in both merging
and core-collapse SNe

Usov 1992
Woosley & Bloom 2006 Duncan & Thompson 1992
Woosley 1993 Dai & Lu 1998
MacFadyen & Woosley 1999 Zhang & Meszaros 2001
Kumar et al. 2008 Metzger et al. 2011
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ng (P~1 ms), huge
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| from spindown (~ hours)

+ produced in both merging
and core-collapse SNe

Woosley & Bloom 2006 Duncan & Thompson 1992
Woosley 1993

Dai & Lu 1998
MacFadyen & Woosley 1999 Zhang & Meszaros 2001
Kumar et al. 2008

= Metzger et al. 2011



+ GRB powered only by the

magnetar
through a wind heated by

neutrinos driven by the
Droto-magnetar

+ magnetised ultra-
relativistic outflow

+ prompt: internal shocks or
magnetic reconnection

+ dissipation inefficient at
late times:; Interaction with
|SM + SplndO\Nn pO\Ner Metzger et al., 2011
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+ ~50% LGRBs with
“canonical behaviour”

+ ~80% deviates from
simple power law

+ ~50% SGRBs

= ecnergy injection into
the afterglow lasting ~
hours

NN

NN
(o)

Z
E,
%)
F:
-

Nousek et al., 2005
Tagliaferr et al. 2005
Zhang et al. 2006
Evans et al. 2009
Rowlinson et al. 2013
Margutti et al. 2013

— D’Avanzo et al. 2014



100

, + ~50% LLGRBs with
“‘canonical behaviour’

)
10 100

10

1
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+ ~80% deviates from
simple power law

+ ~50% SGRBs

= ecnergy injection into
rouineoneta 202 the afterglow lasting ~
hours
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uminosity (1.0-10000.0 keV) (10 erg s7')

10-° 10 10 0.01 041

P
o
o
=
~_
%
R
Q
=
S
S
S
i
Q
=
=
@
8
;=
£
3
3

105 10~
Lum

10 0.01 01 1 10 100 1000 10+ 109 0.01 0.1 1 0 100 1000
Restframe time since BAT irigger (s) Restframe time since BAT trigger (s)

+ usually decay ~ t' but
occasionally very sharp drop

23



Correlations between plateau properties and with the
prompt emission:

$a
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B
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Dainotti et al. 2008, 2010, 2013
Rowlinson et al. 2014
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Lo = 10*Bis P~ ergs™" Spin-down power and
timescale sufficient to
tsqa = 3 x 10°B;.> P25, produce the plateau!

Dai & Lu 1998
Zhang & Meszaros 2001
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External plateau

M 060210

Spin-down
luminosity +
afterglow

0912088

10? 10° 10* 10° 10® 10° 10° 10* 10° 10§
Rest frame time since BAT trigger (s) Rest frame time since BAT trigger (s)

Dai & Lu 1998

Dall’Osso et al. 2011 Zhang & Meszaros 2001
Dall’Osso et al. 2011

Bernardini et al. 2012, 2013

26



Internal plateau

080510 090515

10 100
10 100

1
1
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105 10+

10 0.01 01 1 10 100 1000 10* 10° 0.01 0.1 1 0 100 1000
Restframe time since BAT trigger (s) Restframe time since BAT trigger (s)

Spin-down luminosity Spin-down luminosity
(negligible aft.) + collapse to BH

Lyons et al. 2010
Rowlinson et al. 2010, 2013
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Luminosity-time
correlation implied by the
model
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080503 060614 10
Ser/Spie = 324 : See/Sgie = 6.11 3,

+ hard spike, soft tail

+ lower peak but
duration ~ 100 s

=EE comprises larger
fluence

+ ~15% rebrightening (EE) in
prompt emission (Tgo> 25)

+ delayed onset of EE

HiE

2SGRB without EE (S../S¢ < 1.0)

2 SGRB without EE (poorly constrained)
¥ SGRB with EE (initial spike)

¥ SGRB with EE (extended emission)
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Perley et al. 2009

Lazzati et al. 2001

Norris & Bonnell 2006
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One possibility:

+ Initial spike <= magnetar powered by accretion

+ EE + late time X-rays <= rotational powered wind

Metzger et al. 2008
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One possibility:
+ Initial spike <= magnetar powered by accretion

+ EE + late time X-rays <= rotational powered wind

Metzger et al. 2008

Or.

+ initial spike <= magnetar powered
accretion

+ EE <= propeller

+ late X-rays <= rotational powered
Wilgle

= different mechanisms for different
features Gompertz et al. 2014
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Emission episodes PRIOR TO the main prompt emission in
~15% of LGRBs:

+ quiescent time ~ Tao

Koshut et al. 1995

Lazzati 2005
Ramirez-Ruiz & Merloni 01
Burlon et al. 2008, 2009
Troja et al., 2010

060210
0.4

0.3
0.2

0.1

0.0}

—-0.1

- 300 —200 —-100 0
Time (sec)




Emission episodes PRIOR TO the main prompt emission in
~15% of LGRBs:

+ quiescent time ~ Tao
+ multiple precursors Koshut et al. 1995

Lazzati 2005
Ramirez-Ruiz & Merloni 01
Burlon et al. 2008, 2009
Troja et al., 2010

080310




Emission episodes PRIOR TO the main prompt emission in
~15% of LGRBs:

+ quiescent time ~ Tao
+ multiple precursors Koshut et al. 1995

Lazzati 2005
Ramirez-Ruiz & Merloni 01

+ negligible or comparable energies e o

Troja et al., 2010

061121 050401

0.07

—0.5

0 20 40 60 80 100 120 -20 =10 O 10 20 30
Time (sec) Time (sec)




Koshut et al. 1995
Lazzati 2005

Burlon et al. 2008, 2009
~ Troja et al., 2010

+ also ln.-SC‘_f-
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Emission episodes AFTER the main prompt emission in
~33% of LGRBs:

+ tok usually < 1000 s, but also at late times
+ multiple flares

Chincarini et al., 2007, 2010
Margutti et al., 2010, 2011, 2012
Bernardini et al., 2011

Time since BAT trigger (s)

39



Emission episodes AFTER the main prompt emission in
~33% of LGRBs:

+ tok usually < 1000 s, but also at late times
+ multiple flares
+ negligible or comparable energies ( )

: Chincarini et al., 2007, 2010
lue: W — rog: pa TVXRT data of GRB 0505028 Marguti et al., 2010, 2011, 2012
Bernardini et al., 2011

1000 10*
Time since BAT trigger (s)




Emission episodes AFTER the main prompt emission in
~33% of LGRBs:

+ tok usually < 1000 s, but also at late times

+ multiple flares
+ negligible or comparable energies ( )
- alSO In SGRBS Chincarini et al., 2007, 2010

Margutti et al., 2010, 2011, 2012
Bernardini et al., 2011
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Among X-ray flares, “Giant” flares:
+ AC/C = 50-1000

*+ Efiare ~10% Eprompt OF more

+ Epk ~ D keV

060526
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10° 10*
Time since BAT trigger (s)
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Among X-ray flares, “Giant” flares:
+ AC/C = 50-1000
*+ Efiare ~10% Eprompt Or more
+ Epk ~ 5 keV

... precursors In the
Time since BAT tigger (5 mirror!
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060526 ) 060210

0.15
0.10
0.05

0.00 0.0|
-0.05

-50 O 50 100 150 200 250 300
Time (sec)

-0.1

-300 -200 -100 0
Time (sec)

How to switch on and off a GRB?
With a
oowered by

Usov 1992

Duncan & Thompson 1992
Dai & Lu 1998

Zhang & Meszaros 2001

Metzger et al. 2011
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Campana et al. 1998
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Accretion

/N
|
7)
o
[ -
O
N—
>
R
0
O
RS
=
|_
<
M

quiescent
GRBOB61121 time

Propeller:

107" 10° 10'
Rest frame time since BAT trigger (s)
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L;
t* J.. (14 at)?

Dall’Osso et al. 2011

E(t) =

060210

0503182
050401
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mENEmw e
OUL O WO O

BP
(101 G)

4.00
5.67 £0.27
2.34 £0.07

4.00
6.03 £0.12
2.79 £0.04

2.33£0.10
186 £ 1.1

{

PP
(ms)

3.06
2.61 +£0.04
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2.254+£0.01

3.60 £ 0.05
9.70 £0.21
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Accretion

Propeller

spin-down
power

10° 10*
Rest Frame time (s)

peak luminosity of the post-cursor Is
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Recipe for X-ray emission:
+ forward shock emission + jet break
+ steep decay (prompt emission)

-

.0

2

4 5 6 O

102 10° 10* 10° 10
Rest Frome time since GBM trigger

B=10'° G
P=24.2 ms T RRT 0.3-10 ke

1072 10° 102 10* 10°

Bernardini et al. 2014 RF time since GBM trigger (s)
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= cmission <- > aecretlen power
= guiescence <-> propeller phase

+ Post-cursor emission (aka glant flares) produced by the
same mechanism (but softer spectrum!!)

+ Potentially larger fraction of GRBs originates from
Magnetars

535)



+ Eiso proxy of Exin Total isotropic bolometric energy

= SGRBs ok Long
= LGRBs often above limitgegp

Eiso

_III-
3 4

15+

Log[Etot isoAmati/(10°%erg)]

Margutti et al., 2013
56 Mazzali et al., 2014



+ Eiso proxy of Exin Total isotropic bolometric energy
= SGRBs ok I_Oﬂg | | Eiso

= |LGRBs often above limitjes Short ‘
!ill-

+ true Ey < Eiso due to
collimation

+ accretion: further energy
supplier

Log[Etot isoAmati/(10°%erg)]

Margutti et al., 2013
= Mazzali et al., 2014



+ Eiso proxy of Exin Total isotropic bolometric energy

= SGRBs ok | | =
= | GRBs often above limit

+ true Ey < Eiso due to
collimation

+ accretion: further energy

3 4

Log[Etot isoAmati/(10°%erg)]

+ sufficient to energise the
accompanying SN

Margutti et al., 2013
58 Mazzali et al., 2014



+ Eiso proxy of Exin Total isotropic bolometric energy

= SGRBs ok | | =
= | GRBs often above limit

+ true Ey < Eiso due to
collimation

+ accretion: further energy

3 4

Log[Etot isoAmati/(10°%erg)]

+ sufficient to energise the
accompanying SN

Margutti et al., 2013
59 Mazzali et al., 2014



XRT data of GRB 061121
Blue: WT; Red: PC

Shallow decaying
afterglow:
magnetar

powering the
GRB




Prompt

XRT data of GRB 061121
Blue: WT; Red: PC

powered by

accretion or

spindown If

fallback not

enough to start
Shallow decaying accretion
afterglow:

magnetar )
powering the [
GRB




Prompt

XRT data of GRB 061007

XRT data of GRB 061121

Blue: WT; Red: PC Blue: WT; Red: PC

powered by
accretion or
spindown if
fallback not
enough to start
Shallow decaying — Power-law
afterglow: afterglow:
magnetar magnetar
powering the E collapses to
GRB black hole
g during the

orompt emission



+ Observations point towards magnetars as plausible
candidates as GRB central engines

+ Are all GRBs powered by magnetars? likely No! but still
the majority are consistent with being powered by
magnetars

+ A lot of effort (observational, theoretical) still need to be
done

+ Maybe GW will tell... at least for SGRBS!

63



i e e e

Rt

P, ",
el T e A e

e

64



+ Magnetars source of GW if they spin fast enough to excite
dynamical (3=0.27) or secular instabilities (3>0.14)

+ onset of dynamical instabilities at magnetar birth, more
ikely thanks to spin-up induced by accretion

+ signal from secular instabilities detectable over long
timescales (~ hours)

+ signal from the accompanying SN (101 '<Eqw< 10 MsuynC?)

— 10000.00
1000.00

100.00
10.00

1.00

0.10
0.01 Corsi & Meszaros, 2009

0.01 : 1.00 10.00 100.00 1000.00 10000.0d0 Piro & Ott, 2011
: Ott et al., 2013
Time (s)







Nace = n(w)(GMrm)l/zM

100 1000 104
Time (s)

Piro & Ott 2011
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000926 T 5 020903 030329

Gamma-Ray Burst Host Galaxies
Hubble Space Telescope

NASA, ESA, A. Fruchter (STScl), and the GOSH Collaboration STScl-PRC06-20




