
Gamma ray bursts



1. Cavity Detection 
• Centaurus - broad, soft, hard (inc. source-filled) 
• Sanders et al. 2016, CADET, Allen et al. 2006 
• unsharp masking / beta modelling / CADET (one or more methods) 
• students will get kT, ne profiles -> E, Pjet 

2. Supernova remnant 
• SN1006, Winkler et al. 2014 
• CIAO -> fluximages (2003, 2012) 
• expansion rate using DS9 / astropy 
• narrow band images -> metal distribution 

3. GRB properties 
• GRB230307,  
• data from GRBalpha, VZLUSAT2 
• orientation, T90, HR 
• neutron star collision -> kilonova 

4. Spectral fitting - thermal (cluster) 
• Centaurus, Sanders et al. 2006 
• real Chandra data 
• estimate temperature (1T, 2T, 3T, gdem) & metallicity 

5. Spectral fitting - thermal (XRISM) 
• Perseus, XRISM spectrum, SPEX / Xspec 
• velocity broadening, redshift, temperature, metallicity 

6. Spectral fitting - deprojection (giant elliptical) 
• NGC4649, real Chandra data,  
• deproject (Sherpa) 
• kT, ne, P, K, M(<r) 

7. Spectral fitting - non-thermal (AGN) 
• simulated data, SPEX 
• compton-thin AGN - powerlaw with AGN wind 
• estimate nH, phoindex, wind parameters 
•

https://academic.oup.com/mnras/article/457/1/82/988962
https://academic.oup.com/mnras/article/527/2/3315/7339785
https://academic.oup.com/mnras/article/372/1/21/966705
https://iopscience.iop.org/article/10.1088/0004-637X/781/2/65
https://academic.oup.com/mnras/article/371/3/1483/1010490
https://deproject.readthedocs.io/en/latest/index.html
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High-resolution spectrum 
of a galaxy cluster





Spectral deprojection of 
an elliptical galaxy 





Spectral fitting of an AGN 





The discovery of  
gamma ray bursts

• discovered in 1967 by the VELA 
satellites monitoring the nuclear test 
ban treaty 

• nuclear explosion in space produces 
X-rays, gamma rays, and neutrons 
(no visible radiation or sound) 

• orbits at altitude of 100,000 km (to be 
outside radiation belts and to detect 
detonations behind the Moon!) 

• “16 gamma-ray bursts of cosmic 
origin” published in 1973 (Klebasadel 
et al. 1973, ApJ, 182, L85)



• many different ideas and models about their origin, perhaps more 
than the number of GRBs 

• light curves vary on time scales of Δt ~ 1ms  

• D < cΔt ~ 300 km —> explosions must involve a compact object 

• the consensus at the end of 1980s was that GRBs originate in our 
Galaxy

The discovery of  
gamma ray bursts



The Compton Gamma-Ray 
Observatory

Burst and Transient  
Source Experiment  

(BATSE)



Gamma Ray Bursts distributed isotropically



Large diversity of bursts



Two flavors of GRBs

• short GRBs with a 
duration of a fraction of 
a second 

• long GRBs lasting ~ 
10s of seconds 

• dividing line T90~3s 
(T90 contains 90% of 
the counts)





Hardness ratio = count rate (hard) / coun trate (soft)

Long/soft 
Short/hard

Two flavors of GRBs

hard: 100—300 keV
soft: 50—100 keV



N∝d3 

F∝d-2 

N∝F-3/2

Distribution is isotropic, but 
inhomogeneous. Homogeneous out to 

large distance, then the number density 
drops. Similar to the distribution of 

galaxies… still Galactic halo not ruled out

Eiso = 4πd2f = 2x1040 erg for d=15 kpc 

= 2x1041 erg for d=50 kpc 

= 2x1051 erg for d=5  Gpc



Solving the mystery 

The Italian-Dutch BeppoSax 
satellite with its Wide Field 

Cameras was the first to find a 
GRB X-ray afterglow and 

determine its position on the sky 

GRBs are of extragalactic origin! 
Association with “Hypernovae”





6 days after the GRB a supernova became visible  
as a bump in the optical light-curve. This established 

the connection of long GRBs and supernovae. 



The compactness problem
• E ~ 4πd2f  (total energy involved; fluence f is the flux s-1 ) 

• D < c Δt ~ 300 km  (size of the source) 

• nγ ~ 4πd2f/(EγD3) (number density of photons with energy Eγ) 

• ne = fe nγ   (fraction of photons producing electron positron pairs 2 x 0.511 MeV)  

•

if true then large number of pairs produced resulting in thermal spectra 
- contrary to observations



• the source can be larger by a factor of γ2 (Lorenz factor γ2=1/(1-v2/c2) )

• t1,obs = t1,em + (d - r1cosθ)/c; t2,obs = t2,em + (d - r2 cosθ)/c

• Δtobs = t2,obs - t1,obs = Δtem(1-βcosθ) ~ Δtem/2 γ2 

• photons blue shifted, Eγ,obs = Eγ,em γ, in reality only a small fraction of 
photons is energetic enough to produce electron-positron pairs

• to circumvent the compactness problem, relativistic motions with 
Lorenz factors of hundreds toward the observer required



4π/ΔΩ is called the beaming factor fb

GRB 990123 at z=1.6 had an isotropic energy of 4.5 x 1054 erg! 
For comparison: MSunc2=1.8x1054 erg

Collimated outflows



Achromatic break

Jet with opening angle θj moves with Lorentz factor γ 
The radiation is beamed into a forward cone with opening angle 

1/γ, observer sees only part of the cone 

As it slows down and 1/γ > θj, the light curve will drop faster than 
before at all wavelengths 



Achromatic break

Typical θj are around  
4 degrees







The afterglows of short GRBs

• The detection of the first afterglow of a short GRB 
had to wait until 2005, the SWIFT satellite

• The involved energies are smaller by ~3 orders of 
magnitude

• Short GRBs have systematically lower redshifts

• They occur in all types of galaxies, also galaxies with 
no star formation. This points to older stellar 
population



t-t0 = 16.5 dt-t0 = 0.4 d
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● long GRBs only in blue star-forming galaxies - young stars
● short GRB in non-star-forming elliptical galaxies - old stars

Two flavors of GRBs



The fireball model

• Central engine, 1051 erg in r0 = 100 km, E/Mbaryonsc2 > 100 (Mbaryons=E/γc2 = 
6x10-6 MSun(E/1051 erg) (100/γ)) 

• expansion to ultra-relativistic velocities (requires low baryon loading) 

• optical depth drops below 1, thermal preburst 

• production of gamma rays via internal shocks (outflow not completely 
homogeneous, contains portions with different Lorenz factors that collide with 
each other)







Short GRB are due to NS-NS or 
NS-BH merger

• several times 1053 erg of binding energy released 

• 10-5 mergers per galaxy (observed burst rate 10-7) 

• τdyn,ns = 0.4 ms(1014g cm-3/ρ)1/2 

• τ=2π/ωK,ISCO ~ 1ms (MBH/3MSun) 

• because of long in-spiral of the compact binary, 
mergers occur late in the evolution of the Universe





Soft-Gamma  
Ray Repeaters

• strongest burst with E=2x1046 erg (1043 ergs s-1) in December 2004 from SGR 
1806-20 

• hard spike with a rise time of ~1 ms, the rest released in a softer tail with pulsations 
dye to neutron star rotation 



Magnetars
• if the rotation period at birth is shorter than the convective overturn time,τconv 

~ 10 ms magnetic field can be amplified by dynamo action to 1014—1015 
Gauss (convection because of entropy and lepton-number gradient due to 
neutrino radiation) 

• field strengths are larger than the quantum-critical magnetic field where 
Larmor radius rL=vmec/eB < λdB=h/mev; BQC=4.4x1013 G (other effects: 
photons propagate speeds depending on polarisation, atoms in a magnetar 
atmosphere have needle like shapes 

• P = 5–8 s 

• Pdot ~ 7x10-11 s s-1 (they spin down in ~300 years)



Soft-Gamma  
Ray Repeaters

• Emag ~ umag V ~ B2/8π 4/3 πR3 ~ 1048 erg 

• magnetar quake releases few percent of 
the magnetic energy reservoir 

• create a fireball and  a trapped 
(evaporating) fireball 
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ABSTRACT

Context. On 2022 October 9 the brightest gamma-ray burst (GRB) ever observed lit up the high-energy sky. It was detected by a multitude of
instruments, attracting the close attention of the GRB community, and saturated many detectors.
Aims. GRBAlpha, a nano-satellite with a form factor of a 1U CubeSat, detected this extraordinarily bright long-duration GRB, GRB 221009A,
without saturation but a↵ected by pile-up. We present light curves of the prompt emission in 13 energy bands, from 80 keV to 950 keV, and
performed a spectral analysis to calculate the peak flux and peak isotropic-equivalent luminosity.
Methods. Since the satellite’s attitude information is not available for the time of this GRB, more than 200 incident directions were probed in
order to find the median luminosity and its systematic uncertainty.
Results. We find that the peak flux in the 80�800 keV range (observer frame) was F

p
ph = 1300+1200

�200 ph cm�2 s�1, or F
p
erg = 5.7+3.7

�0.7⇥10�4 erg cm�2 s�1,
and the fluence in the same energy range of the first GRB episode, which lasted 300 s and was observable by GRBAlpha, was S = 2.2+1.4

�0.3 ⇥
10�2 erg cm�2, or S

bol = 4.9+0.8
�0.5 ⇥ 10�2 erg cm�2 for the extrapolated range of 0.9�8690 keV. We infer the isotropic-equivalent released energy

of the first GRB episode to be E
bol
iso = 2.8+0.8

�0.5 ⇥ 1054 erg in the 1�10 000 keV band (rest frame at z = 0.15). The peak isotropic-equivalent
luminosity in the 92�920 keV range (rest frame) was L

p
iso = 3.7+2.5

�0.5 ⇥ 1052 erg s�1, and the bolometric peak isotropic-equivalent luminosity was
L

p,bol
iso = 8.4+2.5

�1.5 ⇥ 1052 erg s�1 (4 s scale) in the 1�10 000 keV range (rest frame). The peak emitted energy is E
⇤
p = Ep(1 + z) = 1120 ± 470 keV. Our

measurement of L
p,bol
iso is consistent with the Yonetoku relation. It is possible that, due to the spectral evolution of this GRB and the orientation of

GRBAlpha at the peak time, the true values of peak flux, fluence, Liso, and Eiso are even higher.

Key words. gamma-ray burst: individual: GRB 221009A

1. Introduction

On 2022 October 9 at 13:16:59.988 UT, the Fermi Gamma-ray
Burst Monitor (GBM) detected the exceptionally bright long
gamma-ray burst (GRB) GRB 221009A (Veres et al. 2022;
Lesage et al. 2022, 2023). The burst was also observed by
the Fermi Large Area Telescope (LAT) up to the energy of
100 GeV (Pillera et al. 2022). Potentially remarkable detections
of over 5000 very high-energy photons with energies up to
18 TeV were reported by the Large High Altitude Air Shower
Observatory (LHAASO; Huang et al. 2022), and a possible
251 TeV photon was reported by Carpet-2 (Dzhappuev et al.
2022), triggering the interest of the broader physics
community.

The burst was localised by the Neil Gehrels Swift Observa-
tory’s Burst Alert Telescope (Dichiara et al. 2022) and followed
up by the Very Large Telescope (VLT) X-shooter instrument
(de Ugarte Postigo et al. 2022; Malesani et al. 2023), which
determined that it occurred at a redshift of 0.151 and belongs
to very near long GRBs (Oates 2023). It was also detected
by a multitude of other instruments: AGILE/GRID (Piano et al.

2022), AGILE/MCAL (Ursi et al. 2022), BepiColombo/MGNS
(Kozyrev et al. 2022), Insight-HXMT and SATech-01/GECAM-
C (HEBS; An et al. 2023), INTEGRAL/SPI-ACS (Gotz et al.
2022), Konus-WIND & SRG/ART-XC (Frederiks et al. 2023),
MAXI and NICER (Williams et al. 2023), Solar Orbiter/STIX
(Xiao et al. 2022), STPSat-6/SIRI-2 (Mitchell et al. 2022), and
XMM-Newton (Tiengo et al. 2023).

This brightest ever recorded GRB (Burns et al. 2023;
O’Connor et al. 2023) saturated many of the GRB detectors in
orbit, hampering the e↵orts to determine its peak luminosity.
In this Letter, we present the peak flux and peak isotropic-
equivalent luminosity of this extraordinary transient as measured
by the GRBAlpha nano-satellite.

2. GRBAlpha

GRBAlpha (Pál et al. 2020) is a 1U CubeSat carrying a GRB
detector as a technology demonstration for an envisioned future
CubeSat constellation (Werner et al. 2018; Mészáros et al. 2022).
It was launched on 2021 March 22 into a Sun-synchronous
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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GRBAlpha: The smallest astrophysical space observatory

I. Detector design, system description, and satellite operations
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ABSTRACT

Aims. Since it launched on 22 March 2021, the 1U-sized CubeSat GRBAlpha operates and collects scientific data on high-energy
transients, making it the smallest astrophysical space observatory to date. GRBAlpha is an in-orbit demonstration of a gamma-ray
burst (GRB) detector concept suitably small to fit into a standard 1U volume. As was demonstrated in a companion paper, GRBAlpha
adds significant value to the scientific community with accurate characterization of bright GRBs, including the recent outstanding
event of GRB 221009A.
Methods. The GRB detector is a 75 → 75 → 5 mm CsI(Tl) scintillator wrapped in a reflective foil (ESR) read out by an array of SiPM
detectors, multi-pixel photon counters by Hamamatsu, driven by two separate redundant units. To further protect the scintillator block
from sunlight and protect the SiPM detectors from particle radiation, we applied a multi-layer structure of Tedlar wrapping, anodized
aluminium casing, and a lead-alloy shielding on one edge of the assembly. The setup allows observations of gamma radiation within
the energy range of 70↑890 keV with an energy resolution of ↓30%.
Results. Here, we summarize the system design of the GRBAlpha mission, including the electronics and software components of the
detector, some aspects of the platform, and the current semi-autonomous operations. In addition, details are given about the raw data
products and telemetry in order to encourage the community to expand the receiver network for our initiatives with GRBAlpha and
related experiments.

Key words. instrumentation: detectors – space vehicles: instruments – gamma rays: general
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GRBAlpha mentioned along big famous observatories



GRB 230307A the second brightest burst ever!



QUANTUM GRAVITY EXPERIMENT

QUANTUM GRAVITY

 MINIMAL LENGTH HYPOTHESIS,  LIV AND DISPERSION RELATION FOR PHOTONS IN VACUO

Existence of a Minimal Length (String theories, etc.)

lMIN ≈ lPLANCK = [Gh/(2πc3)]1/2 = 1.6 × 10-33 cm 

 
implies: 

i) Lorentz Invariance ViolaBon (LIV): no further Lorentz contracBon
ii) Space has the structure of a crystal la�ce
iii) Existence of a dispersion law for photons in vacuo 

lMIN 
≈ lPLANCK

 

By Andrea Sanna



QUANTUM GRAVITY EXPERIMENT

THE ENERGY AND REDSHIFT DELAY DEPENDENCE

High z

Low z

Time lags caused by Quantum Gravity 
eHects:                            
• ∝ |Ephot(Band II)−Ephot(Band I)|

• ∝ DTRAV(zGRB)

Time lags caused by prompt emission mechanism: 
• complex dependence from Ephot(Band II) and 

Ephot(Band I)

• independent of DTRAV(zGRB)

By Andrea Sanna


