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P Outline of the Lectures

« GRB a puzzle being solved
— Brief GRB history
 Six GRB eras
— GRB observations
 The prompt
* The afterglow
— GRB theory
* The fireball model
« Search for Progenitors
— HE emission from GRBs
 Detectors for GRB
— BATSE
— BeppoSAX
— Swift
— Fermi GBM and LAT
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P Outline of the Lectures

« GRB a puzzle being solved
— Brief GRB history
« Seven GRB eras
— GRB observations
 The prompt
* The afterglow
— GRB theory
* The fireball model
« Search for Progenitors
— HE emission from GRBs
 Detectors for GRB
— BATSE
— BeppoSAX
— Swift
— Fermi GBM and LAT
— IACT
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Gamma-ray Bursts
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Gamma-rays are photons with energy above roughly
100keV, corresponding to temperatures above 10° K.

The Earth’s atmosphere is optically thick to gamma-rays.
Gamma-ray studies require balloons, rockets, or satellites.



Seven eras
1) "Dark” era (1973-1991): discovery
Klebesadel, Strong & Olson’s discovery (1973);
2) BATSE era (1992-1996): spatial distribution
Meegan & Fishman's discovery (1992),
detection rate: ~1 to 3 /day, ~3000 bursts;
3) BeppoSAX era (1997-2000): afterglows
van Paradijs, Costa, Frail’s discoveries (1997);
4) HETE-2 era (2001-2004): origin of long bursts
Observations on GRB030329/SN2003dh
5) Swift era (2005-): very early afterglows, short-
GRB afterglow, GRB subclasses? GRB cosmology?

6) Fermi era (2008-): High energy emission component, GW
counterparts! — origin of short GRB

7) VHE era (2019-): VHE emission component from GRB!



The GRB phenomenon

PR

e GRBs = sudden and unpredictable bursts of hard X / soft
gamma rays with huge intensity, typical durations of tens of
seconds and coming from random directions in the sky

e C
pu

iIscovered at the end of the '60s by military satellites, first
vlished on an astronomical journal (ApJ) in 1973

°C

uring "70s and ‘80s several experiments onboard satellites,

but poor improvements in understanding these phenomena
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The “dark” (?) era ...
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®© 1973. The American Astronomical Society. All rights reserved. Printed in US.A.

OBSERVATIONS OF GAMMA-RAY BURSTS OF COSMIC ORIGIN
Ray W. KiLeBEsaDEL, IaN B. STrONG, AND Roy A. Orson

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico
Reccived 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
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
em—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
I. INTRODUCTION

On several occasions in the past we have searched the records of data from early
Vela spacecraft for indications of gamma-ray fluxes near the times of appearance of
supernovae, These searches proved uniformly fruitless. Specific predictions of gamma-
ray emission during the initial stages of the development of supernovae have since
been made by Colgate (1968). Also, more recent Vela spacecraft are equipped with
much improved instrumentation. This encouraged a more general search, not re-
stricted to specific time periods. The search covered data acquired with almost con-
tinuous coverage between 1969 July and 1972 July, yielding records of 16 gamma-ray
bursts distributed throughout that period. Search criteria and some characteristics of
the bursts are given below.

II. INSTRUMENTATION

The observations were made by detectors on the four Vela spacecraft, Vela 54,
5B, 64, and 6B, which are arranged almost equally spaced in a circular orbit with
a geocentric radius of ~1.2 X 10° km.

On each spacecraft six 10 cm® CsI scintillation counters are so distributed as to
achieve a nearly isotropic sensitivity. Individual detectors respond to energy deposi-
tions of 0.2-1.0 MeV for Vela 5 spacecrait and 0.3-1.5 MeV for Vela 6 spacecraft,
with a detection efficiency ranging between 17 and 50 percent. The scintillators are
shielded against direct penetration by electrons below ~0.75 MeV and protons
below ~20 MeV. A high-Z shield attenuates photons with energy below that of the
counting threshold. No active anticoincidence shielding is provided.

Normalized output pulses from the six detectors are summed into the counting
and logics circuitry. Logical sensing of a rapid, statistically significant rise in count
rate initiates the recording of discrete counts in a series of quasi-logarithmically
increasing time intervals. This capability provides continuous coverage in time which,
coupled with isotropic response, is unique in observatonal astronomy. A time
measurement is also associated with each record.

The data accumulations include a background component due to cosmic particles
and their secondary effects. The observed background rate, which is a function of the
energy threshold, is ~150 counts per second for the Vela 5 spacecraft and ~20
counts per second for the Vela 6 spacecrafit.

L85

© American Astronomical Society * Provided by the NASA Astrophysics Data System
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GRB history

December 09, 2021

* Discovery by Vela Satellites (1967 - 1973)
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First Detected Gamma-Ray Burst




Models for Galactic GRBs

* Accretion
|) Binary Companion
- N0 companion seen

II) SN Fallback — Too
long after explosion

* Magnetic Fields

~107° G Fields
-“Magnetars”




If normal GRBs are also neutron stars, GRBs should
Also center around the Galactic Equator.

This 1s a Prediction of the Galactic Models!

Plane of the
Milky Way
Galaxy




Extragalactic Models

» Large distances
means large
energy
requirement
(10°'erqg)

« Event rate rare
(10-5-10-° per year
In an L, galaxy) —
Object can be
exotic




Models for Cosmological GRB

» Collapsing WDs

« Stars Accreting on
AGN

Disks
l) Binary Mergers
II) Collapsing Stars
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The BATSE era
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J== GRB History

Distribution of Gamma-Ray Bursts on the Sky

Expected Observed

F.Longo Gamma-ray Bursts — Laurea in Fisica 19



' University of Trieste and INFN December 09, 2021

e, CGRO-BATSE (1991-2000)

COMPTON OBSERVATORY INSTRUMENTS

CGRO/BATSE (25 keV+10 MeV)

F.Longo Gamma-ray Bursts — Laurea in Fisica 20
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S, The BATSE instrument

= Nal scintillators
= 20 keV — 2 MeV
= FoV 4n

F.Longo Gamma-ray Bursts — Laurea in Fisica 21
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P Gamma-Ray Bursts

Temporal behaviour

Spectral shape
Gan]lgla Ray Burst Spectrum
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The GRB phenomenon

e most of the flux detected
from 10-20 keV up to 1-2
MeV

e measured rate (by an
all-sky experiment on a
LEO satel ite): ~0.8 / day;
estimated true rate ~2 /
day

e fluences (= av.flux *
duration) typically of ~10~/
— 10 erg/cm?

e diverse and
unclassifiable light curves




The GRB phenomenon

e bimodal distribution of durations: short and long GRBs

e short GRBs tend to be spectrally harder than long
GRBs
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o GRB spectral info
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. The Interplanetary network

2-3 ANNULUS

1-2 ANNULUS

ITHE " TRIANGULATION" METHOD

F.Longo Gamma-ray Bursts — Laurea in Fisica 30



The GRB coordinates network
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s GRB: where are they?
The great debate (1995)

Flux:10-7 erg cm™ s°!
Distance: 1 Gpc
Energy:10°! erg

¢ : Distance: 100 kpc
' " Energy: 10* erg

Need a new type of

Cosmological - Galactic? [RESGG—_—_—GG—_—"
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The BeppoSAX era
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= BeppoSAX (1995 - 2002 )

= SHEAR PANEL
/ CONE

—— LOWER
FLOOR
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The GRB phenomenon

e in 1997, thanks to 2
BeppoSAX observations,
discovery of fading X-ray,
optical, radio emission
foIIowmg the GRB

Flux density (uly)

 photons received during ¢ PO 15-00 ket (v

the classical GRB 'E s e -0 ke /
phenomenon are then T

called “prompt emission” o | bt
and the subsequent fading R T e
emission is called “afterglow |
emission” Adapted from Maiorano et al.,

AR&A, 2005



GRB970228 - first good
localization

BeppoSAX observation of GRBS70228 field
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S, BeppoSAX
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GRB970228 — Optical Counterpart
Discovered (with corresponding optical
localization!)




GRB970508 — Absorption Lines:
z=0.835

Metzger et al. 1997 :
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The HST GRB Collaboration

December 09, 2021

Afterglow Era

Host Galaxies identification

Fruchter et al (1999)
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GRB Progenitors
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BATSE 48 Ceiglog

Long GRB
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P The Fireball “standard” model

e Relativistic motion of the emitting region

e Shock mechanism converts the kinetic energy of the shells into radiation.
e Baryon Loading problem

External Shock
= Synchrotron & SSC

= High conversion efficiency ‘ Aﬁﬁfg
= Not easy to justify the rapid variability \Bml\
. Pre-Burst .
E ~ 1093 ergs
T Shock) g -~
! F Formaton R
. o o Yix ’ I
Internal Shocks T L£0¢ s g

= Source activity e
= Synchrotron Emissiorﬁ B
= Rapid time Variability

= Low conversion efficiency

A-2x102eom 1.3x10%5

R-10%em T~ |
'."l‘)" H - 31‘0

F.Longo

JailiniiaTiay pDuUuidw = Lauilca i rioiva
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Towards the progenitors
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Unvealing the progenitors

e evidence of a GRB - SN connection: GRB980425 / SN1998bw

» GRB 980425, a normal GRB detected and localized by WFC and
NFI, but in temporal/spatial coincidence with a type Ic SN at z =

Counts/s
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10| ‘
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300 | R B Sl
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Seconds from GRB onset
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= Towards a solution?
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s, Collapsar model

Woosley (1993)

Scenario X: Collapsar

letiead Comditions:

@ Sunghe Star

Mt “Maa

Star Evolves of Madn Sequence

Wiad | | (S8 8 "\l'lu,'_(n
Enydope

He Care ollagpses
@ & CRES N

e Very massive star that collapses in a rapidly spinning BH.
e Identification with SN explosion.

F.Longo Gamma-ray Bursts — Laurea in Fisica 54
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The Hete-2 era
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Unvealing the progenitors

o further evidences of a GRB/SN connection: bumps in optical
afterglow light curves and optical spectra resembling that of
GRB980425

TR ERRSERSS N O PAREReR R pRERE -
! 19F SN 1998bwarday -7
oo - R
g I :
I R T L —.
i 1} 8 - ' n :
+ GRB 030329 Apr 8 UT | m 3
3 o F R continuum subtracted I\ ;
; = i '
i S :
o aaf (v\l} X :
o Y. ':u I nk SN 1998bw at max _
Gvs 980328 ‘;"l‘-“ o :
ool s asazad. . 2 2 asusad LA“'ﬁ‘}s :.'1 I B PR Lo aaa g aa Lavaaa s s | SV U I PR OP I 3
%7 i Lo s 08 3] (e ) 3000 4000 5000 6000 7000
Rest Wavelength (A)
GRBI80326, Bloom et al., GRB 030329, Hjorth et al.,

ApJ, 1999 Nature, 2003



_ Hyperaccreting Black Holes
Black-Hole Accretion

NS - NS BH- NS
Disk (BHAD) Models sl enger
@ e ®
Binary merger or N N
Collapse of rotating 0.01 M,
Star produces
Rapidly accreting

Disk (>0.1 solar
Mass per second!)
Around
black
hole.

NS/BH - He core merger collapsar =

rotating, collapsing

after common envelope "failed" supernova

5. Woosley, Ringberg, 1997
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The Swift era
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Adding pieces to the puzzie

o Swift: NASA mission dedicated to GRB
studies launched 20 Nov. 2004 USA / Italy /
UK consortium

» main goals: afterglow onset, connection
prompt-afterglow, substantially increase of
conunterparts detection at all wavelengths
(and thus of redshift estimates)

» payload: BAT (CZT+coded mask, 15-350 keV, wide FOV,
arcmin ang. res.), XRT (X-ray optics, 0.3-10 keV, arcsec
ang.res.), UVOT (sub-arcsec ang.res. mag 24 in 1000 s)

» spacecraft: automatic slew to target source in ~1 - 2 min.
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S, Swift's purpose

10°
10*
10° z ~1.3 Brightness
g : Factor
m—  10° 10,000
~—
», 10'
1]
e 1
!
x -1
10 Fill the data gap!
107*
197 1 10! 10* 10° 10 10° 10° 10”

Time (sec)
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siron] The Swift instrumentation _
S L UV and Optical
Coded Tel _
Apﬂm elescope —

BAT Detocior Array Supply Ba
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BAT triggers on GRB, calculates position to < 4 arcmin
Spacecraft autonomously slews to GRB position in 20-70 s
XRT determines position to < 5 arcseconds

UVOT images field, transmits finding chart to ground

BAT Burst Image XRT Image UVOT Image

s
N

T<10 sec T<100 sec T<300 sec
0< 4’ 0< 51
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Unvealing the short GRB progenitors

¢ host galaxies long GRBs: blue, usually regular and high star forming, GRB
located in star forming regions

e host galaxies of short GRBs: elliptical, irreqular galaxies, away from star
forming region

Long Short
GRB 990705 . ' GRB 050509
.
- L]
: - \
3 s
. L . XRT localization (#3383)
o e 5y
STIS/Clear HST o
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Gamma-ray

/ Space Telescope
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High redshift GRB

High-Redshift GRBs

4 GRB Optical Bnghtness
94 0904298 K=19 @ 3hrs etal 11
82 090423 K=20 @ 20min M ,,I'c[ty
67 080813 K=19 @ 10 min "’1” Y04 . s A
629 050504 J= 18 @ 3hrs G
56 060927 =16 @ 2mn X .
53 050814 K= 18 @ 23hrs -\\:-: ‘V:é. _ .
S5/1 060522 R=21 @ |5hrs SR e T T
Al e
pos . "‘-). ‘;.:
Star Formation Rate Xt
153 4 P it 4, | (L] - L LS r..l...o q S. ‘
r : =
: i ' ] Savagho 2006
- 'l "’“H '._._ !
[ A £ * - 4 3
- ; . e 1 ]
%'y ‘ ! Kistler et al. 2009,
2 :" v::::;-—* | ! R(*)?ft‘v(x\ & tiis ?OI |
X [ L o 1
FermilSwift GRB Conference 2012 Murch. May 7-11, 2012
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GRB & Cosmology

History of the Univer

Time

480 Myr

8.7 Gyr

-
13.7 Gyr >
Djorgovsk et al

Gamma-ray Bursts — Laurea in Fisica

SC

Big Bang - Hol ionized gas

The Universe becomes
neutral and opaque

Stars and galaxies form
Heionizalion stans

Cosmic Henalssance
Dark Ages end

Heionization complete

Galaxies evolve

Solar System torms

7
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The connection with GWs
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L GRBs and Gravitational Waves

GRB 170817A

GW 170817

Gamma-ray Bursts — Laurea in Fisica
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e GRBs and Gravitational Waves
LIGO ._
30° ;
LIGO/ \
Virgo ~& 4
. Fermi/
5 GBM
16h 12 gh
IPN Fermi /
INTEGRAL
-30° \—7 -30°
e
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GW170817

Coalescenza di un sistema binario di
stelle di neutroni

Rilevazione di un'onda gravitazionale da parte & LIGO ¢ Distanza
Virgo, con associati events elettromagnetici rilevati da 130 milioni
olire 70 osservatori di anni luce
@ Scoperta il
12:41:04 UTC 17 Agosto 2017
Vieoe rievata en'onds pravitazionade dalla coslescoenaa
@\ Tipo

@ Coalescenza tra due

fmmmomam

Osservarione & un'onda gravitazionale
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High Energy Emission from GRB
“The AGILE/Fermi era”
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s« The Compton Gamma Ray Observatory

COMPTON OBSERVATORY INSTRUMENTS

OSSE

The Instruments on CGRO Cover Six
Orders of Magnitude in Photon Energy

Ml OSSE
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EGRET
- 1991-2000
- 30 MeV - 30 GeV
- AGN, GRB, Unidentified Sources, Diffuse Bkg

Gamma-ray Bursts — Laurea in Fisica 80



s University of Trieste and INFN December 09, 2021

o, GRB delayed emission

FEBRUARY 17, 1994 BURST

(A®W) SIIDHINI NOLOHd

<

Hurley et al. 1994
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AGILE and GRBs
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S, AGILE instrument

. The AGILE Payload:
the most compact

instrument for high-

energy astrophysics

It combines for the first
time a

- “witha
with
large FOVs (1-2.5 sr) and
optimal angular
resolution

F.Longo Gamma-ray Bursts — Laurea in Fisica 87



_/’ University of Trieste and INFN

@55 ermi

Gamma-ray
Space Telescope

F.Longo
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Fermi and GRBs
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Gamma -ray
T Fermi Key Features

Two instruments:
Large Area Telescope (LAT)
— LAT:
* high energy (20 MeV - >300 GeV)
— GBM:
* low energy (8 keV — 40 MeV)

Spacecraft Partner:
General Dynamics

Gamma-ray Burst Monitor (GBM)

Huge field of view

— LAT: 20% of the sky at any instant; in sky survey mode, expose all
parts of sky for ~30 minutes every 3 hours. GBM: whole unocculted
sky at any time.

Huge energy range, including largely unexplored band 10 GeV -
100 GeV

Large leap in all key capabilities. Great discovery potential.
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The Observatory
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LAT

GBM
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Detector

GBM
BGO
Detector
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2z GRB080916C - Multiple detector light curve
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S, GRB 130427A
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S GRB 130427A

GRB 080916C GRB 130427A s
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LAT emission dying down \ LAT emission still goln;

\ Very little LAT emission when GBM emission is bright
LAT and GBM are bright at the same time
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Very High Energy
emission from GRBs
“status and prospects”
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oy IACT & EAS experiments

 Cherenkov experiments
consist of almost-optical
UHE gamma telescopes devoted to detect

VHE gamma .
~ 1000 TeV Cherenkov light.

~1TeV

First interaction—_ ___

 EAS (Extensive Air Shower)
experiments are huge arrays

/Secondary particles ~
or carpets of particle
detectors.
Cerenkov
light  Cherenkov experiments have

lower energy thresholds, but
also a lower duty-cycle as well

as a smaller field of view.

Photohs Particles

(ferenkov@ >.s & .5 .a rarticle

telescope detector
array
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o MAGIC telescopes
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S, MAGIC detection !!!!

First time detection of a GRB at sub-TeV energies;
MAGIC detects the GRB 190114C

ATel #12390; Razmik Mirzoyan on behalf of the MAGIC Collaboration
on 15 Jan 2019; 01:03 UT
Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp.mpg de)

Subjects: Gamma Ray, >GeV, TeV, VHE, Request for Observations, Gamma-Ray Burst

Referred to by ATel #: 12395, 12475

The MAGIC telescopes performed a rapid follow-up observation of GRB 190114C (Gropp et al.,
GCN 23688; Tyurina et al., GCN 23690, de Ugarte Postigo et al., GCN 23692, Lipunov et al.
GCN 23693, Selsing et al. GCN 23695). This observation was triggered by the Swift-BAT alert;
we started observing at about 50s after Swift T0: 20:57:03.19. The MAGIC real-time analysis
shows a significance >20 sigma in the first 20 min of observations (starting at T0+50s) for
energies >300GeV. The relatively high detection threshold is due to the large zenith angle of
observations (>60 degrees) and the presence of partial Moon. Given the brightness of the event,
MAGIC will continue the observation of GRB 190114C until it is observable tonight and also in
the next days. We strongly encourage follow-up observations by other instruments. The MAGIC
contact persons for these observations are R. Mirzoyan (Razmik Mirzoyan@mpp.mpg.de) and K.
Noda (nodak@icrr.u-tokyo.ac.jp). MAGIC is a system of two 17m-diameter Imaging
Atmospheric Cherenkov Telescopes located at the Observatory Roque de los Muchachos on the
Canary island La Palma, Spain, and designed to perform gamma-ray astronomy in the energy
range from 50 GeV to greater than 50 TeV.
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S, MAGIC detection
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i MAGIC detection !!

Gamma-ray

/ Space Telescope

Afterglow

Prompt emission

Synchrotron

Electron SSC Synchrotron
photon

photon
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Frompt-en
photon

Zhang B., Nature News & Views (20/11/2019)
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Conclusions
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S, GRB implications

Gravitational waves

Stellar Evolution Magneto-hydrodynamics

BH accretion physics \ Radiative processes

Biological extinctions

Particle acceleration

Special relativity

Primordial Star formation

Intergalactic medium

Supernova physics

Cosmic “texture”

A 4

Strong General Relativity

Nuclear Physics
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