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When it all started
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Fast forward a few decades
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Fast forward a few decades
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Fast forward a few decades
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Where are the GRBs coming from?

Within our Galaxy ... ... or outside of our Galaxy?



Where are the GRBs coming from?

2704 BATSE Gamma-Ray Bursts
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Within our Galaxy ... ... or outside of our Galaxy?



Beyond the prompt emission

GRB prompt emission 8 hours later 3 days later
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Beyond the prompt emission
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Measuring the distances to GRBs

Spectrometry

shorter wavelength longer wavelength




Measuring the distances to GRBs

Spectrometry can determine a GRB's redshift

shorter wavelength longer wavelength
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Measuring the distances to GRBs

Spectrometry candetermine a GRB's redshift Age of the Universe (b||||ons of years)
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Combining the clues

rapid variations, as fast
as milliseconds

+

energy measured by the
detector up to 10! J/cm?

compact objects

(black holes, neutron stars)

must be involved
+
emission from
relativistic jet



Two populations of gamma-ray bursts

BATSE 4B Catalog
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The evolution of a compact binary merger
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The evolution of a massive star collapse

Wolf-Rayet star

: ‘stellar Wilale [IM19,R9]



The evolution of a massive star collapse

Wolf-Rayet star stellar collapse

: .stellar Wilale IM19.R9]



The evolution of a massive star collapse

Wolf-Rayet star stellar collapse
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The evolution of a massive star collapse

Wolf-Rayet star stellar collapse
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Simulating GRB jets produced by black holes

Neutron star merger Collapsar

[IM20] [IM21]

central BH is surrounded by dynamical central BH is surrounded by stellar
ejecta created in the merger process envelope from the progenitor
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Photon spectra hint at efficient particle acceleration

Spectra from thermal "hot" plasma Non-thermal spectra in GRBs
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Accelerating particles in space

A fast plasma hits a slower one:

e & / Creation of an astrophysical shock



Accelerating particles in space

,“electron/ proton

Particles are accelerated as they
cross the shock and are scattered by
magnetic fields

[R13]




Accelerating particles in space

electron/proton Non-thermal

radiation by
\Q accelerated particles

Particles are accelerated as they
cross the shock and are scattered by
magnetic fields

[R13]



So we understand how GRBs shine?
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So we understand how GRBs shine?

flux
afterglow

time

processes within
the jet

[R14,R15]



So we understand how GRBs shine?
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afterglow

prompt emission

microwave infrared ultraviolet X-rays gamma rays VHE gamma ra

Energy [eV] 104 101 102 103 -10° 1012
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afterglow

prompt emission

microwave infrared ultraviolet gamma rays VHE gammara:
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afterglow

prompt emission

microwave infrared ultraviolet gamma rays VHE gammara:
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How do we detect photons?
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How do we detect photons?
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How do we detect photons?

_ tracking
converting material
material
electric

gamma-ray photons
energy ~ 1 GeV
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How do we detect photons
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Detecting the highest energy gamma rays

A TeV gamma ray ...

hits the Earth's atmosphere ...

1it time (ns)

1

producing a shower of
subatomic particles...

which then produce

80 100 120

Cherenkov lightin X (m)
water tanks...

... which is analyzed to
understand the properties of
ENY the original photon.

[R20]
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What astronomers saw

09.10. 20:44

Swift

[HLETETEEEA T rr i r i r i rrr i i ri i rr i i rirrrriry
TITLE:  GCN CIRCULAR

NUMBER: 32635
SUBJECT: GRB 22100@9A: Swift detected transient may be GRB

DATE: 22/10/09 20:44:25 GMT
FROM: Jamie Kennea at Penn State U <jak5l@psu.edu>

J. A. Kennea and M. Williams (PSU) report on behalf of the Swift Team:

We provide an AKA Swift J1913.1+1946

(GCN #32632). Examination of XRT data from this trigger shows strong

fading. We also note that Fermi/LAT has triggered on the same location.
There is also a possible association with a Fermi/GBM trigger @
13:16:59UT. Given this,

If the GBM trigger is the

same source, this would suggest a hiihli energetic outburst, and therefore

[R21]
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What astronomers saw

09.10. 20:44
Swift

09.10. 20:54
Fermi-GBM

TITTTEEILLLEL LI r i i i riiii i iiiiiiiiiiiirirriirrilry
TITLE: GCN CIRCULAR

NUMBER: 32636

SUBJECT: GRB 2210@09A: Fermi GBM detection of an extraordinarily bright GRB
DATE: 22/10/@9 20:54:36 GMT

FROM: Peter Veres at UAH <veresp@gmail.com>

P. Veres (UAH), E. Burns (LSU), E. Bissaldi (Politecnico and INFN
Bari), S. Lesage (UAH), 0. Roberts (USRA)

report on behalf of the Fermi GBM Team:

"At 2022-10-09 13:16:59.000 UT on 9 Octo h
Burst Monitor

687014224 / 221009553).

GRBs. If it is not a GRB then ii ii iare transient event.

The on-ground calculated location, using the GBM trigger

data, is RA = 290.4, DEC = 22.3 (J2000 degrees,

equivalent to 19 h 22 m, 22 d 15 '), with a statistical uncertainty

of 1 degrees (radius, 1l-sigma containment,

statistical only; there is additionally a systematic

error which we have characterized as a core-plus-tail model, with 90% of
GRBs having a 3.7 deg error and a small tail suffering a larger than 10 deg
systematic error. [Connaughton et al. 2015, ApJS, 216, 32] ).

ermi Gamma-Ray
trigger
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What astronomers saw

LITTETEPLETEEI i iii i iiiriirririiiiiiiirieiiirillirre/
TITLE: GCN CIRCULAR
NUMBER: 32637
SUBJECT: GRB 2210@9A or Swift J1913.1+1946: Fermi-LAT detection
DATE: 22/10/09 21:45:05 GMT
‘ FROM: Elisabetta Bissaldi at INFN,Bari <elisabetta.bissaldi@ba.infn.it>

E Bissaldi (Politecnico and INFN Bari), N. Omodei (Stanford Univ.),

.10. : .10. : 09.10. 21:45
99.10. 20:44 99.10. 20:44 M. Kerr (NRL), report on behalf of the Fermi-LAT team:

Swift Fermi-GBM Fermi-LAT

At 14:17:05.99 on October, 09, 2022 Fermi-LAT detected high-enexrgy emission
from Swift J1913.1+1946 or GRB 221009A, which was reported by

Swift (Dichiara et al. GCN #32632) and by GBM (Veres et al. GCN #32636).
The best LAT on-ground location is found to be

RA, Dec = 288.21, 19.73 (J2000)

with an error radius of ©0.09 deg (90 % containment, statistical error only).
This was 94 deg from the LAT boresight at the time of the trigger.

The data from the Fermi-LAT show a significant increase in the event rate
that is spatially and temporally correlated with the trigger with high significance.

The 100 MeV - 1 GeV photon flux in the time interval 500-3500 s after
the Swift trigger is (1.27 +/- ©@.16)E-@5 ph/cm2/s.

The estimated photon index above 100 MeV is -2.12 +/- 0.11.

The highest-energy photon is a 7.8 GeV

which is observed 766 seconds after the Swift trigger.
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What astronomers saw

09.10. 20:44 09.10. 20:54 09.10. 21:45
Swift Fermi-GBM Fermi-LAT

Confirmation
by other
gamma-ray
observatories
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What astronomers saw

09.10. 20:44
Swift

09.10. 20:54
Fermi-GBM

z=0.151 : Light travel
time of 2 10° years!

09.10. 21:45 10.10. 09:39
Fermi-LAT VLT

LHIETTITEI T E it i i rriri i i ii i rririi i rrriirririrlri
TITLE:  GCN CIRCULAR

NUMBER: 32648

SUBJECT: GRB 2210@9A: Redshift from X-shooter/VLT

DATE: 22/10/10 09:39:41 GMT

FROM: Antonio de Ugarte Postigo at OCA <deugarte@oca.eu>

We detect a very red continuum with
correspond to CalIlI, Cal and NaID at a
also detect

that

of material
along this line of sight. At this redshift the event has an isotropic
equivalent energy of Eiso=2x10~54 erg (using the GBM fluence

reported in GCN 32642), barring saturation effects in the

Fermi/GBM fluence. This is within the upper end of GRB

energetics . G
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What astronomers saw

09.10. 20:44 09.10. 20:54 09.10. 21:45 10.10. ©09:39
Swift Fermi-GBM Fermi-LAT VLT

afterglow by other
observatories

refined gamma-ray
analysis
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What astronomers saw

FHTTIHEE i b rr i rr i i i i r i rn bbb r i i nrrriy
TITLE: GCN CIRCULAR

NUMBER: 32677 ‘

SUBJECT: LHAASO observed GRB 2210@9A with more than 5000 VHE photons up to around 18 TeV

DATE: 22/10/11 ©9:21:54 GMT 11.10. 09:21
FROM: Judith Racusin at GSFC <judith.racusin@nasa.gov> .LHAASO.

Yong Huang, Shicong Hu, Songzhan Chen, Min Zha, Cheng Liu, Zhiguo Yao and
Zhen Cao report on behalf of the LHAASO experiment

We report the observation of GRB 2210@9A, which was detected by Swift (Kennea
et al. GCN #32635), Fermi-GBM (Veres et al. GCN #32636, Lesage et al. GCN #32642),
Fermi-LAT (Bissaldi et al. GCN #32637), IPN (Svinkin et al. GCN #32641) and so on.

GRB 221009A is detected by LHAASO-WCDA at energy above 500 GeV, centered at

RA = 288.3, Dec = 19.7 within 2000 seconds after T@, with the significance above
100 s.d., and is observed as well by LHAASO-KM2A with the significance about 10 s.d.,

The LHAASO is a multi-purpose experiment for gamma-ray astronomy (in the energy
band between 10211 and 10715 eV) and cosmic ray measurements.



What astronomers saw

09.10. 20:44
Swift

09.10. 20:54
Fermi-GBM

09.10. 21:45 10.10. 09:39
Fermi-LAT VLT

"Brightest Of All Time"

[R21]

11.10. 09:21
LHAASO

Continued
monitoring,
refined analysis

afterglow
observations still
ongoing



So how BOAT-y was it, really?
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So how BOAT-y was it, really?
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So how BOAT-y was it, really?

flux

time

700000

600000

500000

400000

GRB 130427A

%
e
c
3
o
U.
o
]
©
a
=
€
=
o

300000

the BOAT [IM37]



A little too BOAT-y ...
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For a single gamma ray, the electric signal has a particular pulse shape
depending on the photon's energy
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A little too BOAT-y ...

electric
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When the photon rateis too high, multiple photons hit before a single
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So how BOAT-y was it, really?
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So how BOAT-y was it, really?

flux

GRB 221009A
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The BOAT in perspective

Prompt emission energy, at the detector Afterglow energy, at the detector

Flux (0.3-10 keV; erg cm™2 s71)
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The BOAT in perspective

Prompt phase energy Afterglow
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The BOAT in perspective

Prompt phase energy

True energy =
"isotropic-equivalent percentage
energy" concentrated in jet
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The most surprising announcement

FHTTIHEE i b rr i rr i i i i r i rn bbb r i i nrrriy
TITLE: GCN CIRCULAR

NUMBER: 32677 ‘

SUBJECT: LHAASO observed GRB 2210@9A with more than 5000 VHE photons up to around 18 TeV

DATE: 22/10/11 ©9:21:54 GMT 11.10. 09:21
FROM: Judith Racusin at GSFC <judith.racusin@nasa.gov> .LHAASO.

Yong Huang, Shicong Hu, Songzhan Chen, Min Zha, Cheng Liu, Zhiguo Yao and
Zhen Cao report on behalf of the LHAASO experiment

We report the observation of GRB 2210@9A, which was detected by Swift (Kennea
et al. GCN #32635), Fermi-GBM (Veres et al. GCN #32636, Lesage et al. GCN #32642),
Fermi-LAT (Bissaldi et al. GCN #32637), IPN (Svinkin et al. GCN #32641) and so on.

GRB 221009A is detected by LHAASO-WCDA at energy above 500 GeV, centered at

RA = 288.3, Dec = 19.7 within 2000 seconds after T@, with the significance above
100 s.d., and is observed as well by LHAASO-KM2A with the significance about 10 s.d.,

The LHAASO is a multi-purpose experiment for gamma-ray astronomy (in the energy
band between 10411 and 10715 eV) and cosmic ray measurements. [R26]



Count rate [ count s™']
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A "normal" GRB from a massive star collapse...
... with not the best data.



Count rate [ count s™']

Count rate [ count s™']
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Energy flux (erg/cm?2s)

Finding a model to explain the high-energy data
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Energy flux (erg/cm?2s)

Finding a model to explain the high-energy data

Energy (TeV)

[IM46,R27]



Energy flux (erg/cm?2s)

Finding a model to explain the high-energy data

Increase
model
complexity

[R25]

Energy (TeV)
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Energy flux (erg/cm?2s)

Finding a model to explain the high-energy data
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Energy flux (erg/cm?2s)

Finding a model to explain the high-energy data
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Where are we now?




Where are we now?
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