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What is a Gamma-Ray Burst?

Brief, sudden, intense flash of gamma-ray radiation

Ursa Major

GRB 130427A

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




What is a Gamma-Ray Burst?

Brief, sudden, intense flash of gamma-ray radiation

TriggerNum=554620, 2013-04-27 07:47:57 UT, 15-350keV
(Note Variable Time Sampling)
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Duration: from few ms to hundreds of s
Frequency: 10 keV — 1 MeV
Fluence: 1077 - 103 erg cm™
Flux: 10°8-10"%ergcm=2s!




GRBs are cosmological and occur in galaxies

2512 BATSE Gamma-Ray Bursts
980703 990705 990712

— . i A
000926 020903 030329 107 10° 10° 10
Fluence, 50-300 keV (ergs cm™)
Fluence: 10 erg cm™
‘P Distance: <z>=2.1 ~ 1022 cm
Gamma-Ray Burst Host Galaxies
Hubble Space Telescope
NASA, ESA, A. Fruchter (STScl), and the GOSH Collaboration STScl-PRC06-20 Energy: ~ 1053 erg

Like the energy emitted by our
Galaxy in 10 years
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T Num=557310, 2013-06—03 15:49:14 UT, 15— 5
(Var.T.Sam: 10%1.8+20+0.32+75+0.128+55+0.256+16+1.024+16+4.096+20+4.096)

Two flavors of GRBs

GRBs are short flashes of gamma rays

How much short?
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Another angle

Hardness ratio: HR = countrate(hard)

countrate(soft)
100.05—

Paradigm: |
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The standard model

COMPACT OBJECT MERGER SCENARIO ShDCk

1 Neutron stars acce|er‘ati0n
4% Central engine

j ets AFTERGLOW

OF GAMMA RAYS

short

PRE-BURST

INTERNAL ' EXTERNAL
SHOCKS SHOCKS

Faster Slower Blobs

Highly beamed
collide gamma rays

Massive
star Local
) ) ) medium
THE FORMATION of a gammma-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
HYPERNOVA/COLLAPSAR SCENARIO speed of light. Shock waves within this material give off radiation.




The standard model
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Swift Mission
* Burst Alert Telescope (BAT)
1550k (2004)

- FOV: 2 steradiants
- Centroid accuracy: 1’ -4’

Gehrels et al. 2004

* X-Ray Telescope (XRT)
- 0.2-10.0 keV
- FOV:23.6'x23.6°
- Centroid accuracy: 5”

e UV/Optical Telescope (UVOT)
- 30 cm telescope
- Bfilters (170 nm - 600 nm)
- FOV:17'x 17°
— Centroid accuracy: 0.5"

Y E=I
”'\ o

BAT Burst Image XRT Image UVOT Image L

0<4’ T<100s;0<5” 6<0.5"



ENERGY FLUX (ergs” ecm™)

8-10 hrs

Time since trigger (s)



ENERGY FLUX (ergs” ecm™)

Time since trigger (s)
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Swift afterglow light curves
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Swift afterglow light curves

Swift/XRT data of GRB 050724
blue: WT - red: PC
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Steep decay, plateaus, flares:
common to long and short GRB afterglow light curves



GRB progenitors

Long/soft GRBs Short/hard GRBs
collapsar progenitor model merger progenitor model

TriggerNum=557310, 2013-068—03 15:49:14 UT, 15-350keV

TriggerNum=>553132, 2013-04—08 21:51:38 UT, 15-350keV
(Vor.T.Sam: 10%1.6+20+0.32+75+0.128+55+0.256+16%1.024+16x4.096+20+4.096)

{Note Variable Time Sampling)
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Long GRB & Supernovae



Long GRB & Supernovae



Long GRB & Supernovae
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Galama et al. 1998; Stanek et al. 2003; Hjorth et al. 2003; Della Valle et al. 2003;
Malesani et al. 2004; Soderberg et al. 2005; Pian et al. 2006; Campana et al. 2006;
Della Valle et al. 2006, Bufano et al. 2012, Melandri et al. 2012, Schulze et al. 2014,

Melandri et al. 2014, D’Elia et al. 2015 and others...
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The progenitors of short GRBs

Most popular model:

Coalescence (merging) of a compact object binary
system
(NS-NS ; NS-BH)
While orbiting, the two objects emit gravitational
waves losing energy: MERGING

NS-NS systems are observed in our Galaxy:



The progenitors of short GRBs

Most popular model:

Coalescence (merging) of a compact object binary
system
(NS-NS ; NS-BH)
While orbiting, the two objects emit gravitational
waves losing energy: MERGING

- critical parameter: merging time £

Time between the formation of the system and its coalescence - *' »
t oca? (a:system separation) ->~10 Myr <t_ < ~10 Gyr (&0‘
o A
- merging can occur in old and young stellar populations ‘\((‘ i\é,
Q' . 2
- kick velocities: \0\0

Compact objects are the remnants of core-collapse SNe, that can give a “kick”

The system can escape from the HG-> OFFSET! (1+100 kpc)/low density CBM

(Belczynski & Kalogera 2001; Perna & Belczynski 2002; Belczynski et al. 2006)



The progenitors of short GRBs

Most popular model:

Coalescence (merging) of a compact object binary
system
(NS-NS ; NS-BH)
While orbiting, the two objects emit gravitational
waves losing energy: MERGING

e
~

Another possibility: dynamical formation of a double compact g '

object system (e.g. in globular clusters) S ]
()
(Grindlay et al. 2006; Salvaterra et al. 2008) 5\0(&
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Compact object mergers: what we do expect

Diverse delay times:
- A mix of early and late type host galaxies

Kicks/migration from birth site:

- Offsets

- No correlation with UV/optical HG light

- Diversity in the environment (ev. channel)

No associated supernova

Remnant (magnetar/BH?)

Emission geometry (jet?)

Kilonova association The Neutron Stars Merging Scenario

-
ESO PR Photo 32¢/05 (October 6, 2005) ESO BES

Gravitational waves




Compact object mergers: what we do expect

: : GRB 050724
Diverse delay times:

- A mix of early and late type host galaxies .

. . . . . : j!.i' - |
Kicks/migration from birth site: ' . 8 early type
- Offsets . &

- No correlation with UV/optical HG light o L
- Diversity in the environment (ev. channel) -
GRB 071227
No associated supernova
Remnant (magnetar/BH?) _( . late type
Emission geometry (jet?)
‘ ]
Kilonova association -
GRB 061201 -
Gravitational waves 3
Barthelmy+05 Ey
Malesani+07 } " r
: : ‘ hostless
Stratta+07 L bt Apt 3
PDA+09 i
Fong+13 T

Bergerl4



Compact object mergers: what we do expect
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Compact object mergers: what we do expect

GRB 0505098 Lo GRB 071227
AR LR DALY DL
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Compact object mergers: what we do expect

COMPACT OBJECT MERGER SCENARIO

1 Neutron stars

Diverse delay times:
p—

- A mix of early and late type host galaxies | ——
Usov 92
Black Duncan & Thompson 92

Kicks/migration from birth site: hole Dai & Lu 98

4 0 Zhang & Meszaros 01
- Offsets MR
- No correlation with UV/optical HG light i i
- Diversity in the environment (ev. channel)

Disk

No associated supernova

Magnetar proposed obs. signatures:

Remnant (magnetar/BH?) .
- precursors/flares (accretion)

Flu

h

>
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Emission geometry (jet?) - extended emission (spin-down/accretion)

- plateau (spin-down)

Kilonova association

Metzger+08
Bucciantini+12
Rowlinson+13
Bernardini+13
Gompertz+14

Gravitational waves

Time



Compact object mergers: what we do expect

Break time

Diverse delay times:
. . Relativistic * =
- A mix of early and late type host galaxies o 25

Kicks/migration from birth site:

- Offsets

- No correlation with UV/optical HG light

- Diversity in the environment (ev. channel)

No associated supernova
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Compact object mergers: what we do expect

Diverse delay times:
- A mix of early and late type host galaxies

Kicks/migration from birth site:

- Offsets
- No correlation with UV/optical HG light GRB 130613B (z=0.356)
- Diversity in the environment (ev. channel) i R
:::'_-‘I.":.{?'_‘:.. i o -18f 1 o
No associated supernova ‘ sty £l
1.6 pm §_

4

-

Remnant (magnetar/BH?)

. . . ? Tanv|r+13 (See a|30 Berger+1 3R§st—FrameTime (d)
Emission geometry (jet?) Sk Ao /q
i C e P Ejecta-ISM Shock
Kilonova association >z f( rf/ |
ke [
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Compact object mergers: what we do expect

Diverse delay times:
- A mix of early and late type host galaxies

Kicks/migration from birth site: Hanford,washmw - Lousina (L
- Offsets

- No correlation with UV/optical HG light

- Diversity in the environment (ev. channel)

Strain (107%%)

No associated supernova

Remnant (magnetar/BH?)

Frequency (Hz)

Em|SS|On geometrv (Iet?) 030 035 040 045 030 035 040 045

Time (s) Time (s)

8h

Kilonova association

Gravitational waves

rrrrr

Abbott+16a,b .

Normalized amplitude



Compact object mergers: what we do expect

Diverse delay times:
- A mix of early and late type host galaxies

Kicks/migration from birth site:

- Offsets

- No correlation with UV/optical HG light

- Diversity in the environment (ev. channel)

No associated supernova

Remnant (magnetar/BH?)

Emission geometry (jet?)

Kilonova association

The Neutron Stars Merging Scenario

-
ESO PR Photo 32¢/05 (October 6, 2005) ESO BES

Gravitational waves




NS-NS / NS-BH electromagnetic counterparts

COMPACT OBJECT MERGER SCENARIO

4 Neutronstars —

AFTERGLOW

EMISSION OF GAMMA RAYS

PRE-BURST

INTERNAL

EXTERNAL
SHOCKS

SHOCKS.

-
Slower Blobs
blob.

Highly beamed.
collide gamma rays

[YEEEY

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.

HYPERNOVA/COLLAPSAR SCENARIO

I on-axis

I> off-axis

N Short
v ~~~ tok~6v+06, G RB

courtesy:
M. G. Bernardini
> t




NS-NS / NS-BH electromagnetic counterparts
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Rapid neutron
capture

neutron-heavy nucleus

Kilonova
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A key signature of a NS—NS/NS—BH binary merger is the production of
a so-called “kilonova” (aka “macronova”) due to the decay of heavy

radioactive species produced by the r-process and ejected during the
merger that is expected to provide a source of heating and radiation

(Li and Paczynski 1998; Rosswog, 2005; Metzger et al., 2010).
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3 detectors T 4 detectors
sky localization (90% confidence level)



GW 170817 & GRB 170817A

Gamma rays, 50 to 300 keV GRB 170817A

|

Fermi

Reported 16 seconds
after detection

Counts per second

LIGO-Virgo

Reported 27 minutes after detection Gravitational-wave strain GW170817
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[0}
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w

Time from merger (seconds)

|NTEG RAL Gamma rays, 100 keV and higher GRB 170817A

Reported 66 minutes
after detection

120,000

115,000

Counts per second

110,000

Abbott+17; Goldstein+17; Savchenko+17




GW 170817 / GRB 170817A / AT2017gfo

~-NGC 4830

ESO 508-10

ESO.508-3

IC 4180

NGC. 4968

NGC 4993

|&d Selected for a Viewpoint in Physics week ending
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017

[Tog

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)




GW 170817 / AT2017gfo

archival T+12h44m




GW 170817 / AT2017gfo
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(see also Arcavi+17; Coulter+17; Evans+17; Lipunov+17; Smartt+17;
Soares-Santos+17; Tanvir+17; Valenti+17 and many others)



GW 170817 / AT2017gfo

olution] 2:5 KN spectral sequence
_: / 0.010

_é 2.0 wmﬁ \&\‘)&—_\__‘0818
3 d w 0819 00021
' -' - ”/ 0820

= 0.000

AB Magnitude

|
Flux
u/

i ¥ 0.005
o 3 ~0.005 4
' 3 ]
F1] -

] polarimetry

3 -0.010 - - -
al -0.010 -0.005 0.000 0.005 0.010

1 10 0/l
T-T, (days)
0.0 5000 10000 15000 20000 25000
Wavelength (A)

Pian, PDA et al., 2017 Covino et al., 2017

(see also Arcavi+17; Coulter+17; Evans+17; Lipunov+17; Smartt+17;

Soares-Santos+17; Tanvir+17; Valenti+17 and many others)
I Full characterization of the KN properties

/ line of sight Three components kilonova model with different velocity,
composition and electron (proton) fraction (low Ye:
lanthanide-rich; high Ye: lanthanide-poor)

Post-merger ejecta high Ye
medium Ye

0.03-0.05 M, ejected mass
Pynamical electa East moving dynamical ejecta (0.2c¢) + slower wind (0.05c¢)

low Ye






GW 170817 / GRB 170817A

Chandra
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GW 170817 / GRB 170817A
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GW 170817 / GRB 170817A

Chandra
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The radio afterglow is detected with an angular size < 2 mas in VLBI data obtained ~
207 d after the merger. Evidence for superluminal motion is also found measuring
an angular offset between T+75 d and T+235 d.

DEC

D choked jet cocoon E Choked jet cocoon
simulated image + real noise simulated image + real noise
-23222'53.38" S NERIIN 6, =45°

DEC

13h09m48.0695s 48.0690s  48.0685s  48.0680s  48.0675s 48.0690s  48.0685s  48.0680s  48.0675s

“  Ghirlanda+17"



Chandra

9d

16

Troja+17
X—rayt

J VLA

Hallinan+17

GW 170817 / GRB 170817A

.4d Radio
15t detection of

the afterglow

detection of the afterglow at the peak

XRT flux at 200 Mpc S-BAT4 ext

GRB S-BAT4 (2005-2021)

0.3-10 keV Flux (erg/cm”2/s)
—
o

1071 4 /{:;: T tok~Ov+6;
PDA+18 — /\\

T T T T T T T
10! 10? 10° 10* 10° 10° 107 10° 10
Time (s)

GRB 170817A w.r.t. SGRBs
Michela Dinatolo (Bachelor student)
see also Duan+19; Salafia+19

I Full characterization of the GRB properties: evidence for a structured jetI b
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The radio afterglow is detected with an angular size < 2 mas in VLBI data obtained ~
207 d after the merger. Evidence for superluminal motion is also found measuring
an angular offset between T+75 d and T+235 d.

These findings, together with the afterglow light curve modelling, support the
structured jet model. Fit to the data and numerical simulations are in agreement
with the scenario of a structured jet with a relativistic core with 6,, < 5 deg and
0,.,~ 20 deg.
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Alexander+17,18; PDA+18; Dobie+18; Fong+19; Haggard+17; Hallinan+17;
Hajela+19; Margutti+17,18; Mooley+18a,b; Reasmi+18; Ruan+18;
Troja+18a,b,19,20; Ghirlanda+19; Piro+19; Margutti & Chornock 21 and many
others






